
Paper Number XXI

NEUTRON SCATTERING TECHNIQUES AS ADVANCED STRUCTURAL PROBES

OF FILLED AND NANOCOMPOSITE ELASTOMERS: A TECHNIQUE FOR THE 21ST

CENTURY

by

Rex P. Hjelm

Manuel Lujan Jr. Neutron Scattering Center

Los Alamos National laboratory

Los Alamos, NM 87545

Presented at a meeting of the

Rubber Division, American Chemical Society

Dallas, Texas

April 3-6,2000



DISCLAIMER

This repoti was prepared as an account of work sponsored
byanagency of the United States Government. Neither
the United States Government nor any agency thereof, nor
any of their employees, make any warranty, express or
implied, or assumes any legal Iiabiiity or responsibility for
the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disciosed, or
represents that its use wouid not infringe privately owned
rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute
or imply its endorsement, recommendation, or favoring by
the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not
necessarily state or refiect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original
document.



<.

.
Neutron Methods

Abstract
Q ST I

The last three decades has seen the development of neutron scattering techniques as probes for
the nanoscale structure of polymer filled and nanocomposite polymer systems. The objectives of
these studies includes understanding filler associations, bound polymer conformation and inter-
actions of bound and matrix polymer and the relationship between these and mechanical proper-
ties with the goal of determining the mechanism of reinforcement. This information is central to
the development of improved composites. Although this goal has not yet been attained, funda-
mental and unique information has resulted. In this presentation, I review the new information
that we have obtained from the elastic neutron scattering probes of nanoscale composite and
filler structure. I also discuss the prospects of these techniques in achieving our long-term goals.

Introduction:

Scattering (and diffraction) methods are some of the most important probes into the structure
of matter. In principal any form of radiation can be used. Examples include light and electron
microscopy and scattering, acoustical scattering, x-ray and neutron scattering. The techniques
differ in the details of the interaction with matter and characteristic wavelength of the radiation
from available sources. The unique capabilities of neutron scattering derive from the similarity
of neutron wavelengths and atomic and molecular length scales—length scales suitable for the
study of polymers and polymer composites. Other factors, deriving from the unique interactions
of neutrons with matter, include neutron penetrability, and the ability to readily distinguish be-
tween different light elements, and between different isotopes of the same element. These fea-
tures provide a unique view into the structure of materials. We will discuss the methods of
small-angle neutron scattering (SANS) and neutron reflectometry (NR), which probe structure,
respectively, in the bulk and near surfaces and interfaces.

Scattering results from fluctuations in scattering length density, p(r), as a function of r, the
position in the sample. We compute p(r) as the sum of the scattering lengths, b (see Fig. 1), of

all the atoms in a small volume at r, then divide this by the volume. In the wave picture of scat-
tering, the amplitude of the scattered wave from a region in space is proportional to b and thus,
proportional to p. For electron and x-ray scattering, b is proportional to the atomic number, z

(Fig. 1); thus, p(r) is proportional to the local electron density. The results of analyses using

electron or x-ray scattering methods are electron density maps.

Neutrons interact chiefly with nuclei, and there is little or no correlation of b with z (Fig. 1).
Since p(r) depends on both local chemical composition and density, the data in Fig. 1 imply that
for neutrons, strong fluctuations in p(r)—hence, scattering+an be present among regions with
different light element compositions; less so for x-rays. Thus, polymers rich in hydrogen (b~ =
–3.74 fm) will contrast well against polymers rich in nitrogen (b~ = 9.4 fro). Of equal impor-
tance, the strong differences in b among different isotopes. The most important example of this
is the difference between hydrogen and deuterium (b~ = 6.67 fro). Thus, the substitution of hy-
drogen by deuterium provides a ready means of labeling organic materials for neutron scattering
studies. Another, important characteristic is the difference in the magnitude of scattering lengths
between x-rays and neutrons (Fig. 1). The substantially smaller values seen with neutrons imply
significant y greater sample penetration than with x-rays. This means that bulk samples can be
studied and that relatively thick sample containers, needed for special environments, can be used.
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Figure 2. The SANS measurement. Scattering intensity, often expressed as cross section per unit volume,
d_/d_ (cm ‘1), is measured as a function of momentum transfer, Q, which is the momentum transferred to the
neutron by scattering from a nucleus. For SANS the scattering intensity is related to the structure by the Fourier
transform, squared.
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Figure 3 The neutron reflectometry measurement. The incident neutron beam reflects from the surface. The
fraction of beam reflected, R(Q), the related to the structure along z as the Fourier transform squared of the gradent
of p(z) along the z axis.

The incident neutron for a SANS or NR measurement has a wavelength, X, that is defined by
the de Broglie relationship
the momentum transfer, Q,

(Figs. 2 and 3). We measure the scattering intensity as a function of

Q=~sinO, 1.

where 2(I is the scattering angle (Fig. 2). The length scales probed in the scattering experiment

are inversely proportional to Q; thus to explore large length scale structure measurements are
made at the smallest practical 20 and the largest practical J.. The relationship between the scat-

tered intensity and structure in the SANS measurement, shown in Fig. 2, is,

(1I(Q) = K ~p(r)exp(-ir -Q)dr 2
0

2.

from the sample surface at
, as shown in Fig. 3. Q., the

In the NR experiment, specular-reflected neutrons are reflected
the incident angle, 8, and is therefore reflected through and angle 26,

momentum transfer along the z-axis, is thus defined in a manner analogous to Q in Eq. [1]. The
reflectivity, R(QZ) is measured as the ratio of the reflected to incident intensities and is related to
the structure as,

alp(z)
2

R(Q,)= j dz—exp(–iQZz)dz .

Thus, SANS and NR give complementary views of structure.

3.
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Optical and electron microscopy are hardly recognizable as scattering methods, as the analy-
sis of the scattered radiation is done using an objective lens that “inverts” the scattered wave,
producing an image. In neutron scattering (x-rays, as well) differences in the index refraction of
different materials are too weak to make a practical objective lens (at least at this time). This
means that we must measure the scattering intensity directly. Our “lens” is then mathematical
analysis employed to deduce the structure, p(r), and dp(z)/dz, from I(Q) and R(QZ) using Eqs.

[2] and [3], respectively. Unfortunately, because phase information is lost in squaring the am-
plitudes in Eqs. [2] and [3], it is not possible to do the inversion uniquely, unlike with a real lens.
Rather, we must fit models to the data using Eqs. [2] or [3], based on our previous understanding
on the structure, with the caveat that there may be more than one likely model that will fit the
data. We will show some examples from polymers and composite materials to illustrate the type
of information that can be obtained from SANS and NR.
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Figure 4. Neutron Reflectometry of deuterated polystyrene on PMMA-polystyrene block copolymer brush,
freshly dried and annealed. A 198 KD PMMA 117 KD Polystyrene block copolymer is spun cast on fused quart.
Deuterated 143 KD polystyrene is over-layered. The freshly dried sample showed sharp fringes characteristic of
distinct boundaries. The annealed sample showed reflectivity characteristic of interpenetrating boundaries.
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An Example from Neutron Reflectometry:

As our first example we consider some preliminary results of NR data taken at the National
Institutes of Standards and Technology, Institute for cold Neutron Research, Gaithersburg, MD,
in collaboration with Chris Durning of Columbia University. NR provides a means to study the
interactions between a polymer bound to a surface and the bulk. The physics of this interaction
could relate to the mechanism of coupling filler-bound polymer to the matrix polymer. The goal
of our program is to study the behavior of polymer brushes of polystyrene bound to a substrate
against a melt of polystyrene. In order to distinguish between the bound polystyrene and the
melt, the melt is deuterated. In these measurements, we spin coated a 198 KD PMMA-117 KD
Polystyrene block copolymer onto a quartz substrate. This was then over-layered with 143 KD,
deuterated polystyrene. The procedure produced a polymer “brush” on the quartz as shown by
the NR data in Fig. 4. PMMA, which was immiscible with the polystyrene, anchored the brush
to the fused quartz. The polystyrene block then extended from this anchor and made contact
with the layer of deuterated polystyrene. Because of the difference in b between the deuterated
and protonated polystyrene there is a change in p with z readily observable as dp(z)/dz in Eq.

[3]. The freshly coated and dried sample showed a reflectivity pattern characteristic of a rela-
tively sharp interface between the polystyrene and the deuterated over-layer at about 220 ~ from
the fused quartz surface (Fig. 4). After annealing the sample showed a more diffuse boundary
between the two deuterated and protonated components (Fig. 4).

SANS Examples:

We consider two examples using SANS for the study of a composite polymer material.
SANS has been used to study the structure of filler and filled polymer systems. 1-3 Specifically,
we has studied the structure of carbon black i and its associations in filled polyisoprene, 2 as weli
as the interactions of the polyisoprene with carbon black.2 Others have studied the associations
of filler and polymer chain statistics in silica-filled polydimethylsiloxane. 3

In this paper we will consider another example closely related to filled elastomers, polymer-
bound high explosives. The composite of interest here contains about 95% (by weight) of the
high explosive, HMX, and 5’?40binder. The binder is a 50:50 mixture of Estane, a polyester
polyurethane, and nitroplasticizer. Our example is an extreme case, however, from filled durable
rubber products, as the filler ‘isthe active ingredient and is far and away the largest fraction of the
material, The adhesive and viscoelastic characteristics of the binder still are important to the be-
havior of the materials and, thus, to the safety and performance of the explosive. The techniques
described here to describe the defect structure and surface areas of the HMX and the distribution
of components in the binder can be applied to filled systems, in general. We have reported
elsewhere on our preliminary results on using the techniques described here to measure surface
area and internal structure in carbon blacks. 4

Defect Structure in HM

Defect structure, in the form of cracks and voids in the HMX, are also important, as they are
thought to produce locally heated regions —hof spots—under conditions of impact or shock, for
example. The formation of hot spots in nanometer-sized defects can have profound effects on
the shock to detonation transition. 5>6 Prediction of an explosive’s response requires accurate
measurements of a number of parameters for the HE composite structure, particularly surface
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area, porosity and pore size distributions. In these studies, which were done in collaboration

with Joe Mang, Cary Skidmore, and Phil Howe of the Los Alamos’ Dynamic Experimentation
Division, we used SANS measurements of structural parameters of the high explosive, HMX, as
coarse (,C-HMX) and fine (F-HMX) crystalline powders. We also made measurements of pellets
of each pressed to 93% maximum theoretical density (MTD) for the coarse material (C-93) and
90% MTD for the fine (F-90).7

For HMX in air the scattering is dominated by differences in p between the voids and inter-

crystallite spaces, where p = O, and the HMX crystal, where p = 4.5 x 1010cm-2. Our problem in

measuring external surface are and porosity is to differentiate between these two contributions to
the scattering. We immerse the HMX crystals in a fluid with the same scattering length density
as HMX. The contributions to scattering from the inter-crystallite spaces will be suppressed,
leaving the dominant contribution to the scattering from the voids. In contrast to this case, a
fluid with p very different from HMX is used. Then, the scattering from between the inter-

crystal spaces and the HMX crystals will predominate. ‘We can make such a fluid with adjust-
able p by mixing of cyclohexane, C6H1Z,with its deuterated counterpart, C6D U.. In this case we

use the large difference in p between hydrogen and deuterium to adjust the scattering length den-

sity of the fluid, p~, from –0.28 x 1010 cm-2 to 6.68 x 1010cm-z. In this—the method of contrast

variation—we measure the scattering at several p~,, then use the fact the intensity will be para-

bolic with pfi “4’7-9,

❑ BET

u r\l 1/1 - 1,.’l

HMx-c HMX-F C93 F90
Figure 5. Surface measurement using SANS: comparison with other methods.
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Z(Q,AP) = AP21Q(Q) + API~,c(Q) + ZC(Q) . 4.

Thus, we find the scattering at the zero contrast point, IL(Q), by interpolating to
Ap=(p – ~)= O, the zero contrast point. This point is near p~of cyclohexane containing 68%

CSDIZ. The crystallite shape scattering, IQ(Q), is found by extrapolating to Ap = ~, the infinite

contrast point.

With the scattering functions thus separated we can determine the crystal external surface
area, S, from the Porod Law for the shape scattering, I~(Q), (Eq. [4]), 7>10

lim l~(Q) = ~S
QR >>1 5.

The the surface areas for the coarse and fine powders and pressed samples are shown in Fig. 5.
These are compared with the results of other surface area measurements ‘, including BET and
mercury infusion. The SANS and mercury infusion results differ in absolute value, but agree
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qualitatively in the relative differ-
ences. Both of these techniques
measure surface area on similar
length scales.s BET, on the other
hand, gives significantly different
results. BET the measurement
probes a different length scale and
is dependent on identifying a mon-
olayer adsorption isotherm. Both
factors may contribute to the dis-
crepancy. s The fine crystals have
significantly higher surface area
than the coarse, as expected.
Pressing induces a slight increase
in S of the coarse material, proba-
bly due to breaking of the crystals,
though this is larger when meas-
ured by BET. There is a slight de-
crease in S for the fine material for
the SANS and mercury infusion
techniques; probably due to con-
solidation. BET shows an in-
crease in S.

The zero contrast scattering
function is modeled by assuming
Guassian distributions of spheres
to give a measre of the void size
distributions in the crystals. The
scattering at zero contrast, or inter-
nal shape functions, I&Q), are

shown in Figs. 6a and 6b. The void
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size means and the root mean deviations (RMS) from the sphere probe analysis show that, as ex-
pected, the voids are significantly larger in the coarse than in the fine material. Pressing reduces
the dimensions of the pores significantly in both cases, there being a sharp peak in the void ra-
dius distribution function in the 2 to 4 nm region in the pressed samples. The likely cause of
this is void collapse and internal cracking. The fall off of density at extremely large void radii in
all of the samples likely reflects the transfer function of the probe, rather than a real aspect of the
void radii distributions.

Distribution of Nitroplasticizer in Estane:

Polyurethane are segmented copolymers with hard, crystalline and soft, rubbery immiscible
segments. Because of the two segments are connected the polymer at room temperature micro-
phage separates into hard and soft segment-rich domains. Estane, a polyester polyurethane, con-
tains about 20% hard segment. The addition of nitroplasticizer to Estane as a processing aid sig-
nificantly decreases the modulii of the mixture. The presence of NP in the mixtures thus affects
the viscoelastic properties of the high explosives composite.

At room temperature Estane showed a broad maximum in the higher Q region at Q = 0.04

~-’ (Fig. 7a). The maximum arises from the contrast between the hard (p =2.1 1010 cm-2) and
soft (p = 0.91010 cm-2) segments. The position of this maximum, which is interpreted to be from

the crystalline domain morphology and domain spacing, 11>12wasin good agreement with earlier
SAXS and SANS studies on polyether polyurethane. 11>12Measurements done with Estane-NP
mixtures, in collaboration with Bruce Orler (Materials Science and Technology Division) and
Joe Mang, showed significant different scattering than Estane (Figs. 7 a and b). As the NP con-
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Figure 7. a, Estane and Estane-nitroplasticizer samples with low nitroplasticizer concentrations at 22 C.

b, Estane-nitroplasticizer samples with higher nitroplasticizer concentrations at 22 C.
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Figure 8. Estane with deuterated nitroplasticizer. Data is shown
as the ratio of the scattering intensity of d-NP-containing sample
to scattering from sample without d-NP (see Fig. 7a).

centration was increased from O to
3O’YO,the broad maximum observed
around Q = 0.03 A-l (Fig. 7a) be-

came less obvious. The broad peak
completely disappears for NP con-
centrations of 30°/0 and higher (Fig.
7b). There are several explanations
for this behavior, one of which is
that the NP associates preferentially
with the soft segments. The addition
of NP (p = 2.41010 cm-2) to the soft

segment domains is likely to reduce
the contrast between the hard and
soft segments.

This model is readily tested by
repeating the above measurements
with deuterated nitroplasticizer (d-
NP). Because the scattering length
density of d-NP (p= 4.51010 cm-2)
is greater than either that of the hard
or soft segments, then association of
d-NP with the soft segment should
reduce the contrast with the hard
segment at low d-NP concentrations,
causing the broad maximum to dis-
appear. At higher concentrations the
mixture of soft segment and d-NP
should exceed the scattering length

density of the hard, and the peak should reappear. This was the observed result (Fig. 8). The in-
tensity around Q = 0.03 ~-1 decreases with increasing NP content to about 21?40d-NP. The peak
then increases again in intensity as the d-NP concentration is fiu-ther increased.

Summary:

Because neutron scattering is largely a nuclear property the nuclear scattering length density
is not a monotonic function of atomic number (Fig. 1). Thus, chemical and density fluctuations
can and do contribute to the scattering, even in samples containing only light elements. Of con-
siderable importance is the difference in scattering between isotopes. The difference between the
neutron scattering lengths of deuterium and hydrogen is key in using neutron scattering in the
study of polymers and polymer composites. These basic principles of neutron scattering make it
an important complement to other scattering techniques as a probe for the structure of materials.

SANS and neutron reflectometry are particularly important in the studies of polymers and
polymer composites. The length scales probed are on the order of a few tigstroms to several
hundred hgstroms, making the techniques suitable for studies in the range of polymer segment
dimensions to molecular assemblies and small domain structures. The two methods are com-
plementary. SANS, which is usually used in transmission geometry probes bulk structure,
whereas the reflection geometry of NR makes in ideal for the study of surfaces and interfaces.

10



. Neutron Methods R.P. Hjelm

In the examples we show the power of these techniques, particularly when deuteration is
employed. We could not have distinguished the boundary between the bulk and bound polysty-
rene (Fig. 4) if it were not for deuteration. Immersing the sample in variously deuterated fluids,
the method of contrast variation, allowed us to discern the scattering from the crystallite surface
verses its interior, and thus determine the surface area and void size distributions (Table I).
Likewise, the use of deuterated components can provide important information component on
the distribution within the sample, as was shown with the distribution of NP in Estane. The data
obtained from these methods is fundamental to our understanding of these systems. One would
be hard pressed to get this information by any other means.
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