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High spatial resolution NMR imaging techniques have been developed recently to measure the spatial
inhomogeneity of a polymer coating film. However, the substrates of the polymer coatings for such
experiments are generally required to be non-metallic, because metals can interact with static magnetic
fields Bp and RF fields B, giving rise to artifacts in NMR images. In this paper we present a systematic
study on the effects of metallic substrates on 1D profiles obtained by high resolution NMR imaging.
The off-resonance effect is discussed in detail in terms of the excitation profile of the RF pulses. We quan-
titatively show how the NMR signal intensities change with frequency offset at different RF pulse lengths.
The complete NMR profiles were simulated using a Finite Element Analysis method by fully considering
the inhomogeneities in both B; and By. The excellent agreement between the calculated and measured
NMR profiles on both metallic and non-metallic substrates indicates that the experimental NMR profiles
can be reproduced very well by numerical simulations. The metallic substrates can disturb the RF field of
the coil by eddy current effect and therefore change the NMR profiles. To quantitatively interpret the
NMR profile of a polymer layer on a metallic substrate, the profile has to be divided by the profile of a

reference on the same metallic substrate located at the same distance from the coil.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Polymer coatings are widely used for purposes of protection,
insulation and decoration, etc. The need for a better understanding
of the physical and chemical processes by which they are formed is
driven by the desire for better material performance and demands
for reducing the release of volatile organic compounds into the
atmosphere. In order to understand these processes the coating
structure has to be visualized in time, which can be done with MRI.

Various MRI approaches have been developed to study thin lay-
ers with a high resolution. Stray Field Imaging (STRAFI) was one of
the first MRI techniques to reliably provide profiles and images of
solids in 1980s [1,2]. It is characterized by the ultrahigh, constant
magnetic field gradient intrinsic to the fringe field of a supercon-
ducting magnet. One of the advantages of the fringe field gradient
is extremely stable. It allows very precise measurements of diffu-
sion coefficients. In many cases, an MRI measurement needs to
be performed on a sample which is bulky or unsuitable to be place
in a conventional NMR system. This challenge has been met by uni-
lateral NMR magnets. In an unilateral NMR, the NMR sensor which
is much smaller than the object is placed near the object to acquire
signals from the object volume [3]. One of the disadvantages of the
STRAFI technique is that the curvature in the magnet flux across
the region of interest in a STRAFI magnet limits the experimental
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resolution. For this consideration, a new approach, Gradient At
Right-angles to the Field NMR (GARField) was developed to
improve the magnetic field homogeneity. It was designed on the
basis of STRAFI and unilateral concepts [4]. The shape of the mag-
net pole-pieces are deliberately designed such that it can provide
lines of magnetic flux with constant magnitude parallel to the sen-
sitive plane with an orthogonal gradient in the field strength. With
this technique a spatial resolution of 5 pm in the vertical direction
can be obtained. It is a very powerful technique in probing depth
profiles of polymer coatings during curing or solvent-uptake pro-
cesses, regardless of the optical transparency [5-7].

In many industrial applications, polymer coatings are applied
on metallic substrates. The properties of coatings on these sub-
strates may be quite different from non-metallic substrates due
to the different interfacial interactions. A high spatial resolution
NMR imaging technique offers a possibility to probe structures in
the depth direction of a polymer coating [4,8,9]. However, for these
measurements, generally, non-metallic substrates are required,
because metals can strongly interact with a static magnetic field
B and an oscillating magnetic field B;. Consequently, they create
distortion and artifacts in the NMR images. At high magnetic fields
of 1.5 T or above, the influence of a metallic substrate may origi-
nate from two effects: susceptibility mismatch between the sub-
strate and the polymer layer and eddy currents produced by both
the RF pulse and the switching of the gradient current [10-13].
The susceptibility difference between the metallic substrate and
the polymer coating causes a local magnetic field inhomogeneity
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which is proportional to the main magnetic field By, resulting in
both faster T, relaxation and local changes of the precession fre-
quency. The effect of the magnetic susceptibility on the MRI signal
has been widely studied. For instance, Liideke et al. gave a com-
plete discussion of the susceptibility related effects caused by
non-conducting spheres and cylinders [14]. Schenck systematically
reviewed the role of magnetic susceptibility in NMR imaging, and
shed light on the quantitative use of susceptibility data in NMR
imaging [13]. Less attention has been paid to the artifacts induced
by eddy currents, although such effects have been reported [10,11].

An eddy current is the current generated in a conductor when it
is subjected to a time-varying magnetic field. It can be generated
by switching on and off gradient coils [15] and/or by a strong RF
pulse from the transmitting coil [16,17]. At a frequency f, the eddy
currents flow along the surface with skin depth [11]

8 = (mpopaf) . (1)

Here po is the magnetic permeability of vacuum, u is the relative
magnetic permeability of the material of interest and o is the elec-
trical conductivity of the material. In case of a 1.5T MRI system
(fu = 62.5 MHz), the skin depth ¢ is about 10 um for aluminum at
room temperature. The thickness of the aluminum plates used in
this study is about 600 pm. So, eddy currents can only flow in a very
thin layer of the metallic substrate. In the case of a metallic sub-
strate with a thickness much larger than the skin depth, both the
RF pulse and the NMR signal can be screened completely. The RF
inhomogeneity resulting from the eddy currents can lead to a signal
decrease or enhancement, depending on the geometry of the metal
object and the distance from it. For metals with a high conductivity
and a low susceptibility, such as copper and aluminum, the effect of
eddy currents dominates over susceptibility artifacts, whereas for
materials with a low conductivity and high susceptibility, such as
titanium, this effect is small compared to the susceptibility artifacts.
The gradient coil generated eddy current effect is not a serious con-
sideration in the GARField NMR because fixed gradients are used.
This is a major advantage of the GARField magnet over conventional
imaging systems using pulsed gradients.

In order to obtain a high filling factor and a good signal-to-noise
ratio (SNR), generally a surface coil is used in GARfield NMR. How-
ever, in contrast to conventional volume coils, which are widely
used in high-resolution nuclear magnetic resonance of liquid and
solid samples, the surface coil produces a rather inhomogeneous
RF magnetic field B;. This makes it difficult to predict the spin evo-
lution because of the spatial variation of pulse flip angles. Besides,
GARfield NMR is also characterized by its extremely strong static
magnetic field gradient (~40 T/m), which allows for imaging with
a very high spatial resolution of about 5 pum in the direction per-
pendicular to the coating film. When the inhomogeneity of the sta-
tic field within the sample is comparable with the strength of RF
field, off-resonance effects become important.

The goal of this paper is twofold. First, we will model the effect
of a non ferromagnetic metallic substrate on the NMR signal
intensity. Experimental results are compared with numerical
simulations to interpret the NMR imaging signal profiles. Second,
we will describe the evolution of the spin magnetization
during an Ostroff-Waugh (O-W) type of pulse sequence,
0x — [% — 0, —% — echo],, with arbitrary flip angle 6 [18], in an inho-
mogeneous RF field and strong off-resonance conditions. And one
should note the magnetization has contributions from different
coherent pathways [19]. This work extends the application of
high-spatial resolution NMR imaging techniques to polymer coat-
ings on metallic substrates. This paper is organized as follows:
the first part of Section 2 describes how we simulate the NMR sig-
nal using a Finite Element Method (FEM) by fully considering the
inhomogeneities in both RF field and static magnetic field. Next,

the simulation of the RF field of a surface coil and the induced
NMR signal are also described. Section 3 describes the NMR setup,
NMR parameters, and the samples used in this study. In Section 4,
we first show the effect of magnetic susceptibility on the experi-
mental NMR profiles. Next, the RF field of the surface coil is simu-
lated. Based on this result, NMR signals originating from space
voxels and sample slices in y-z planes (Fig. 1) are calculated. Then,
complete NMR profiles are simulated in the experimental fre-
quency range and compared with experimental results. Off-
resonance effects are discussed in detail in terms of different RF
power levels and pulse lengths at the end of Section 4. Finally, in
Section 5, we choose the curing process of an epoxy/amine system
as an example, to demonstrate the effect of a metallic substrate on
the NMR signal in a real system.

2. Theory and numerical simulation

A Finite Element Method (FEM) was used to simulate the NMR
signal [20]. The sample was divided into small voxels in space.
Both the B, field in the voxel and the evolution of the spin magne-
tization within each voxel were calculated. Finally, the signal in-
duced in the receiver coil by the spins was calculated. The
simulation method is described in this section. Unless otherwise
stated, the laboratory coordinate frame is defined as follows
(Fig. 1): the z direction is along the By field and the x-direction is
set perpendicular to the surface coil. The calculation is based on
several assumptions: (a) By is taken parallel to the z-direction. In
a GARfield NMR setup, the magnet is originally designed such that
the modulus of the magnetic field Bg in y-z plane is constant. This
means that the direction of By itself varies along the z axis. How-
ever, in our GARfield NMR the surface coil is about 3 mm in diam-
eter, consequently, the static magnetic field By can be taken to be
parallel to the sample plane z-direction within the sensitive area.
(b) The coating sample is homogeneous within the y-z plane. (c)
The magnetic susceptibility of the sample and substrate are negli-
gible, and therefore, the direction and magnitude of the By field do
not change due to the presence of sample and substrate. We will
show later that this assumption is quite realistic and simplify the
calculations.

2.1. Spin dynamics in an inhomogeneous RF and static magnetic field

Spin voxels with a total magnetization M (M,, M,, M,) are con-
sidered in a local rotating frame which rotates around By with a
Larmor frequency wy [rad/s]. For simplicity, we make the usual
transformation using a transform matrix T [21,22]:

M* M, 1 i 0 M,
M |=T-|M|=]|1 - 0 M, |. (2)
M° M, 0 0 1 M,

Metal plate

Glass slides
e

radient field

RF coil

Fig. 1. Schematic illustration of the experimental MRI setup.
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One of the advantages of this transformation is that the dephas-
ing matrix with phase angle ¢ has only diagonal elements in case
of free precession [23]:

e 0 0
R,=| 0 e : (3)
0 0 1

The evolution of the magnetization matrix due to an RF pulse
can be written in the following form:

M (t,) M (0)
M~ (1p) | =R(¢,,0)- | M (0) |, 4)
Mo(tp) M, (0)

where 7, [ps] is the pulse duration, ¢ [rad] the phase angle of the
pulse, a [rad] the off-resonance angle and 0 [rad] the effective flip
angle. The off-resonance angle « is defined as the angle between
the effective off-resonance field By =ABy+B; and By,
oS o = ﬁﬁ, where By is the RF field produced by the coil. The
off-resonance field is a result of the high magnetic field gradient
and can be calculated by ABy = GAx, where G [T/m] is the static gra-
dient field strength and Ax [pm] the perpendicular distance from
the on-resonance slice. The effective flip angle 0 is given by
0 = 7|Bege| T, = 77,1/ AB: + B2, in which y represent the gyromag-
netic ratio 267.5 x 10% rad-s~!- T~! for proton. The full rotation
matrix can be calculated as follows [22,24]:

R(,% 0) = T.Ry, Ry, R, R, R, T, (5)

5 ing Osing cos 40 cosae 0 sina
cos¢ —sin Sing cos

R, = ., R, 0 1 0 ,

0 0 1 )
—sinoe 0 cosa
1 0 0

Ryl 0 cosO —sin6
0 sinf cos6

For a sequence 0, — [5— 0y, —% —echo], (n = 1) with arbitrary
flip angle 0, the spin density matrix evolution can be written as:

M*(t) M*(0)
M= Mf(f) :R(/J 'R(¢y7a7 0) ‘R(p ‘R(¢x7“7 0) ' Mﬁ(o) )
Mo (t) Mo(0)

(6)

where ¢, and ¢, are 0 and /2, respectively. Note that the off-res-
onance angle o and flip angle 0 depend on the position of the vox-
el. The evolution can be divided into many coherence pathways
[24], and the magnetization in the voxel is the sum over all possi-
ble pathways. Therefore, after the matrix multiplication, the
expressions of M*(t) and M(t) are extremely complicated. Fortu-
nately, only those terms which are independent of the phase
gained during the evolution period will contribute to the echo sig-
nal. In other words, only those terms not containing the variable ¢
contribute to the echo. Therefore, we can simply remove all the
terms which contain the variable ¢. After this step, M can be sim-
plified [23]:

M, 2cos® arsinasin® ¢
M= | M, | =M

M, 1(2cos* cos? 0 + 2 sin* o + cos O'sin” 20)

—cos? orsin” ¢ sin 0

(7)

Now M describes the magnetization in a voxel in space having a
certain off-resonance angle « and flip angle 0.

2.2. RF field of a surface coil

The B, field produced by a single-turn circular coil can be calcu-
lated by:

_ Mg, [rxdl
B~ ol f o ®)

where 4,([T - 1 is the magnetic permeability of vacuum, I [A] is the
current in the coil; dl is a coil element; r is the displacement vector
from the element to the field point and the integral is over the cur-
rent distribution in the coil. The B, field of a circular surface coil
with i turns is the sum of the B, fields from the individual turns:

r x dl;
B;coil = %)CIZ % ;|3 - = Ibgi, 9

i

where b, is a constant related to the size and geometry of the coil.
The B, field of a surface coil with and without an aluminum plate
(see Fig. 1) was simulated using a 2-dimensional model shown in
Fig. 2. Since the RF coil of the setup has a symmetrical geometry,
axial symmetry was used in the simulation. An oscillating external
current was applied to the coil. The size of simulated domain was
set much larger than the size of the coil to avoid boundary effects,
because the domain boundaries were set to magnetic insulation.
The aluminum plate was treated as an ideal metal conductor, and
its boundary condition was set as magnetic insulation (B = 0). We
will show in Section 4.6 that these approximations are accurate
enough for the simulation. The strength of the B, field is calculated
from B=YV x A, where A is the vector potential.

2.3. The induced NMR signal

Assuming the magnetic moment of a certain voxel to be M, the
vector potential generated by this magnetic moment can be writ-
ten as [25,26]:

Mxr
A to Mx
4n m

(10)

Using Stokes theorem, the surface integral of the magnetic flux
density B is equal to the contour integral of the vector potential A.
So, the magnetic flux through the coil is:

d)m://sB-ndS://s(VxA~ndS:y{A-dl. (11)

BC: Axial symmetry

\:r:O /-BC:A0=0

r(y, z)
i, 4 2

POOCEOOQR ----=--------
Coil Wires

Fig. 2. Schematic overview of the By field simulation. “BC” refers to “boundary
condition”. Dimensions are not to scale.
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The total magnetic flux captured by the coil @, is the sum of
the flux penetrating through each coil turn i. Using Eq. (10), Eq.
(11) becomes:

Mo M><1‘. My . r x dl;
q§m.totf4nz 7{ d11—4nZM fil

rf? rf?

=M b (12)
Because the same coil is used for transmission and receiving,

b, can be calculated from Eq. (9) and Eq. (12) can be written as

¢m.tot M- Bl,Icoil M- Bl,Icoil 7

(13)

where Bj ci1n iS the normal component of B; .., i.e., perpendicular
to the coil surface. B; ¢ can be replaced by By i1 n because of other
components will cancel out due to coil symmetry and a homoge-
neous sample parallel to the coil surface (assumption b in Section
2).

The precession of the magnetic moment M can be described as:

M, cos(wt + @)
—M, sin(wt + ¢@) |. (14)
M,

M(t) =

The precession of the magnetic moment M in a certain voxel
will create a fluctuating magnetic flux in the receiving coil, and
the induced voltage (NMR signal) is proportional to the fluctuation
rate MO

T

—M, sin(wt + @)
—M, cos(wt + @)

V= dd)m.tot _ Bl,coil.n . dM(t) _ Bl.coil,n LW

dt I dt I
M,
(15)
So, NMR signals at the x and y channels of the NMR receiver are:
Vy= —B‘-‘I"““ oM, (16)
Vv, = @ww{y. (17)

These signals are originating from the magnetic moment of a voxel,
and are detected by the receiving coil. Note that since the initial
magnetization My itself is proportional with By (or Larmor fre-
quency o), Vy and V, are proportional to w? The evolution of M,
and M, following the RF pulse sequence can be computed by the
spin density matrix formalism, i.e., Eq. (7). The overall signal at a
certain Larmor frequency can be calculated by integrating the signal
density of each voxel (V, and V;) over y-z planes (Fig. 2) parallel to
the surface coil:

Vitor = / @wZnRMx(t)dR, (18)
0
_ m Bl,coil,n
Vyror = TwZnRMy(t)dR, (19)
0
2 2
Vior = Vx,tot + Vy,toﬂ (20)

where R is the distance from the symmetry axis of the surface coil in
the y-z plane.
All parameters used in the simulation are specified in Table 1.

3. Experimental
3.1. NMR

The NMR imaging setup used in the present study consists of a
GARfield magnet and a home-made acquisition system which has
been described elsewhere by Kopinga and Pel [27]. One of the
advantages of the GARfield approach is that the sample can be
placed directly on top of a surface coil, which yields an optimal sig-
nal-to-noise ratio, but at the cost of homogeneity of the B, field.
The static field By of the magnet at the position of the sample is
1.5T, and the gradient G is 40 T/m. All the signal profiles were
measured with a pulse sequence 0x — [to/2 — 0, — to[2 — echo],. A
pulse duration of 1 ps and an inter-echo time t, of 100 ps were
specified in all measurements. The theoretical spatial resolution
that can be achieved by this inter-echo time setting is about
7 um. Each signal profile was averaged 2048 times and the long de-
lay between two subsequent pulse sequences was set to 0.5 s.

3.2. Sample

NMR measurements were performed on layers of silicon. The
silicon was sandwiched between two glass slides with thickness
of about 100 pm, and cured at room temperature for 48 h before
the measurements. For the measurements with metal plates, a
metal plate with a diameter of about 8 mm and thickness of about
600 pum was put directly on top of the glue sandwich, as shown in
Fig. 1. Unless otherwise stated, the distance from metal plate to
surface coil was kept at 500 um in both the simulations and the
experiments. In the following discussion the silicon sample cov-
ered by an aluminum plate and the sample without aluminum
plate will be referred to as Al-glue and glass-glue, respectively.

In order to illustrate the possibility to investigate a dynamic
process on a metallic substrate using our GARfield MRI system,
the curing process of an epoxy-amine system, which is a typical
polymer coating for metallic substrates, was chosen as an example.
The epoxy resin used was EPIKOTE 828 [28], which is a liquid
epoxy resin with an aromatic backbone without solvent. A phe-
nalkamine, Cardolite LX-5206, was used as curing agent. The two
components were mixed in for 5 min and subsequently applied
on either glass or aluminum substrates for the measurements.
The molar ratio of the functional groups for the two components
was 1:1 for all samples. Two samples were prepared for compari-
son, glass—epoxy and Al-epoxy. The first sample was prepared by
sandwiching the epoxy polymer between two glass slices, and
the second sample was prepared by sandwiching the polymer
between one glass slice and one aluminum plate. The thickness
of the polymer coatings was about 200 pm.

4. Results and discussion
4.1. Magnetic susceptibility effects

As mentioned in Section 1, the artifacts induced by metallic
substrates may originate from either magnetic susceptibility dif-
ferences or eddy currents. The magnetic susceptibility is given by
¥ =24 [29], in which H is the applied magnetic field, and M is
the induced magnetization of the material. Susceptibility differ-
ences within the sample will lead to a faster T, relaxation in the
time domain. Although the effect of field inhomogeneities can be
refocused or eliminated at the center of a Hahn spin echo, suscep-
tibility effects can change the local Larmor frequency and therefore
hamper the transformation from the frequency to the spatial
domain. As a consequence, the resulting images are distorted.
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Table 1
Parameters for the simulation.
Category Symbol  Quantity Units Comments
RF pulse I Electric current A I =1 sin (wot), Ip and wq are the amplitude and frequency of the alternating
current
02T Frequency of the current Hz 62.5 MHz
Tp Pulse duration us 1.5 pus
Static magnetic field By Static magnetic field T 15T
G Static field gradient T/m 40 T/m
X Distance from the coil pm The coordinate system is defined in Fig. 1
Xo x coordinate of the on-resonance pm
slice
AX Distance from the on-resonance pm AX=X —Xg
slice
Spin evolution b Gyro-magnetic ratio of proton rad/ 267.5 x 10°
(sT)
AByg Off-resonance field T ABy=G - Ax
Biwiin  Normal component of the RF field T
Beg Effective RF field T Ber = ABo + B4
Ocr Effective flip angle rad 0=y |Begl - 7,
o Off-resonance angle rad The angle between the effective field Besr and By, cos o = 7‘;1";37]‘
Coil geometry and n Turns of the surface coil 8
properties
d Diameter of the coil wire pm 180 pm
D Diameter of the coil mm 3.2mm
o Electric conductivity of copper S/m 5.96 x 107 S/m
Susceptibility induced artifacts have been studied extensively,
16 and it is well understood that the magnitude of this effect scales
1 — Reference with field strength and material susceptibility [12,13,30-33]. The
147 (S;"Ver maximum field perturbation induced by susceptibility of the mate-
1 —— Copper ; ; i .
rials can be roughl im he following formula:
12 Aluminum als can be roughly estimated by the following formula
1 — Brass
> 10 4 7¥Volfram AB =~ y|Bo|. (21)
= ] —— Tantalum
S 81 Lead . . 6 .
h= ] \| - Zirconium An object with y =1 x 107" (1 ppm) produces a maximum res-
6 | onance frequency perturbation of about +1 ppm in the surrounding
1 space. In practice, the object’s geometry (shape, size, etc.) will also
47 change the actual value of AB. The non-magnetic materials with
2_' x < 1 used in our experiments can only produce very small frac-
| tional perturbations in an applied field. This perturbation is negli-
0+ gible in the strong gradient field (40 T/m). Tantalum, for instance,

T T T T T T T T T T
200 150 100 50 0 -50
AX (um)

—_—
-100  -150 -200

Fig. 3. NMR signal profile of silicon in the presence of different metal plates. The
sample was sandwiched between two glass slides, and a metal plate was placed on
the top, as shown in Fig. 1. The diameter of all metal plates was 8 mm.

Fig. 3 shows the NMR signal profiles of a silicon sample in the
presence of different metal plates. A reference signal recorded
without metal plate is also presented for comparison. It is very
interesting to notice that the signal profiles of the sample covered
by different metal plates are quite similar, even though the suscep-
tibility and the electrical resistivity of these materials vary over
more than one order of magnitude (Table 2).

with y =178 x 107, produces a perturbation of about 11 kHz in
a By field of 62.5 MHz. This perturbation corresponds to an error
of about 5 um in space, which is comparable to the resolution of
our setup. Therefore, no visible frequency shift has been observed
among the signal profiles obtained with the different metals
(Fig. 3). These results show that on the one hand, the susceptibility
of the different metal plates has only a small effect (5 pm) on the
NMR profiles as long as the plates are non-magnetic. On the other
hand, the difference in the conductivity of these metal plates also
appears to have a negligible effect. The penetration depth of the
RF field is small compared to the geometry of the metal plates,
and all plates perfectly screen the RF field in the experiments.
These results validate the boundary condition of ‘magnetic insula-
tion’ for the aluminum plate in the B, field calculations in Section
2.2.

Table 2

Susceptibility and electrical resistivity of selected weakly magnetic materials®.
Material Silver Lead Copper Aluminum Wolfram Zirconium Tantalum
Magnetic susceptibility” (107°) —24 -15.8 -9.63 20.7 77.2 109 178
Electrical resistivity (1078 Q m) 1.47 20.6 1.75 2.83 53 45.0 13.5

¢ The susceptibility and resistivity of brass depend highly on its composition, therefore no unambiguous literature value has been found.
b All the susceptibility values are for volume susceptibility. SI units were used to calculate these dimensionless numbers.
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4.2. The RF field

We have shown that the magnetic susceptibility has a relatively
minor effect on the GARfield NMR profiles. This section mainly
focuses on the effect of eddy currents in a metallic substrate. To
understand this effect, the complete NMR profiles with and with-
out a metal plate were simulated numerically. The first step is to
simulate the RF field of the surface coil. The GARfield NMR setup
is characterized by strong inhomogeneities, not only in the static
magnetic field, but also in the RF field of the surface coil. In the
experiments, the actual current in the coil is difficult to measure.
In order to relate the simulation results to experimental power le-
vel inputs, the currents of the transmitter coil used for the simula-
tion are calibrated as follows. First, the experimental power level is
adjusted such that the signal intensity of the on-resonance slice
has a maximum. Second, the intensity of the on-resonance slice
is simulated for a broad range of hypothetical currents (103~
10® A). Third, the currents yielding a maximum of the simulated
intensities are assumed to be identical to the corresponding exper-
imental currents, which occur at power levels of 41 dBm and
46 dBm for the glass-glue sample and Al-glue sample, respectively.
Finally, all the currents used for the simulation are presented in
dBm in order to compare with the experimental values.

In order to quantify the flip angle of the spins in each voxel of
the sample, the RF field of the coil was simulated. Fig. 4 shows
plots of the z component of the B, field strength as a function of
position (R, x). This component has a maximum value at R=0,
and reaches a minimum (negative value) at the edge of the coil
(R=1.6 mm). It is interesting to notice that in the near vicinity of
the coil, By coi1n is constant for different slices at R ~ 1.3. Compari-
son of Fig. 4a and b shows that when an Al plate is located
atx = 500 pum, Bq i 5 is strongly suppressed in the sample volume.

4.3. NMR signal from the voxels

Quantitative information about the signal distribution in a sam-
ple slice (y-z plane) is important for understanding the NMR pro-
files. It would also be interesting to know the most sensitive
regions of the surface coil. However, in experiments it is only pos-
sible to obtain the overall intensity from a sample slice where all
the spins precess at the same Larmor frequency, and hence no
detailed information about the distribution of the NMR signal
within this slice can be obtained. An advantage of the present
simulation is that it is possible to calculate the signal intensity in
each voxel and the intensity distribution over the sample volume.
Fig. 5 shows the NMR signal distribution along the radial direction
of the coil. The intensity for each parallel slice is represented by a

201(q X L x=200um
c 15 ( ) A %,=400pm.
E 10
m?- 5
0 "“4 3.2mm V'
5 :
-3 2 -1 0 1 2 3
R (mm)

20um

[./}’._,:200um

B cain(mT)
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x=200pum
2.0 (a) 240um
5 260um
8 280pm
w0 10 300pum
’ 340um
360um  J/
0 400pum #
-3 -2 -1 0 1 2 3
R (mm)
201(b)
o 1.0
0
-3 -2 -1 0 1 2 3
R (mm)

Fig. 5. NMR signal distribution along the radial direction of the coil. Each curve in
the figure represents the NMR signal in the surface coil produced by spins in a
sample slice parallel to the coil. The distances between the slices and the coil are
indicated in the figures. The slice at position of x =310 pum is on-resonance. The RF
power levels which are chosen to correspond to the experimental situation, which
will be addressed in Section 4.4, are 41 dBm and 46 dBm for (a) glass-glue and (b)
Al-glue sample, respectively.

different curve. For a surface coil with a diameter of 3.2 mm, the
sensitive region is located within a diameter of about 2 mm. The
signal from the sample voxels on the axial-symmetry axis is most
sensitive to the distance x, and this sensitivity decreases with
increasing distance from the symmetric axis, R. The signal intensity
of the Al-glue sample is systematically lower than that of the glass-
glue sample. At R ~ 1.3 mn, the signal is almost zero for both sam-
ples. At R~ 1.5 mn, close to the edge of the surface coil, the NMR
signal arises again slightly for both samples, and the signal of the
Al-glue sample is a bit more pronounced than that of the glass-glue
sample. This is explained by the B, field distribution profiles plot-
ted in Fig. 4, which shows a constant and small B, values at
R~ 1.3 mn, and negative Bq ¢, value at R~ 1.5 mm.

4.4. The NMR intensity from the on-resonance slice

In the previous section, we showed the distribution of the NMR
signal from sample voxels with a y-z slice. The present section will
focus on the integral NMR signal of the entire sample slice. To

Fig. 4. Simulated z component of the B, field distribution. (a) glass-glue; (b) Al-glue with an Al plate placed at x = 500 pm. By coii n, Which is the normal component of By i, is
plotted against R. Different curves in the figures represent B, field distributions in different slices parallel to the coil. The top curve corresponds to the bottom slice in the
lower part of each figure. Eleven slices at position of x = 200, 220, 240...400 um are presented.



H. Zhu et al./Journal of Magnetic Resonance 214 (2012) 227-236

(b) = Experimental
15 1 —— Simulation

Intensity
=

0.
37 39 41 43 45 47 49 51 53 55
Power level (dBm)

233

(a)

u Experimental
Simulation

151

Intensity
=)

0

37 39 41 43 45 47 49 51 53 55

Power level (dBm)

Fig. 6. Experimental and simulated on-resonance slice intensity plotted against the power input. (a) glass-glue; (b) al-glue.

calculate the intensity from an on-resonance slice, the sample was
divided into small voxels, and Vy and V, were calculated indepen-
dently using Eq. (16) and Eq. (17). Next, the signal at the x and y
channels of the receiver (Vy o, Vy,c0r) Was calculated by integrating
Vi and V,, over the entire slice using Eq. (18) and Eq. (19). Finally,
the overall signal was calculated using Eq. (20). Fig. 6 shows the
experimental and simulated intensity from the on-resonance slice
versus the power level input to the coil. When the power level is
below 45 dBm, the simulated results fit the experimental results
very well. At higher power levels, some deviations occur between
the simulated and experimental results. One of the possible rea-
sons may be the heating of the coil by the RF pulse. At higher
power levels, relatively more energy is dissipated in the coil, which
leads to a weaker RF field than in the simulations.

Fig. 6 also shows that the peak intensity of the Al-glue sample
(Fig. 6b) is somewhat lower than that of the glass-glue sample.
The peak intensity occurs at about 41 dBm for the glass-glue sam-
ple, whereas for the Al-glue sample the maximum is at 46 dBm,
which means that to measure a polymer coating on a metallic sub-
strate, more RF power is needed to reach the maximum intensity.
This result shows that it is possible to perform MRI of a polymer
coating on a metallic substrate, but with more power input and
less signal compared to that on a non-metallic substrate. Further
it is demonstrated that the behavior of the signal can be predicated
with a reasonable accuracy.

4.5. Excitation bandwidth of RF pulses in GARfield NMR

In the previous section, we have simulated the on-resonance
slice intensity at different RF power levels. However, the quantita-
tive relation between NMR intensity and frequency offset,
Af=7GAx, is not trivial. This section will focus on how the NMR
intensity changes with the frequency offset.

In homogeneous-field or weak-gradient NMR experiments, off-
resonance effects are generally not considered explicitly because
the frequency offset produced by chemical shift anisotropy, dipo-
lar-dipolar interactions and/or static gradients, etc., is usually
within the bandwidth of the RF pulse. In the GARfield approach,
however, a wide frequency distribution is produced because of
the strong gradient, and the off-resonance effect has to be taken
into account. In order to study the off-resonance effect on the
NMR signal, the distance between sample and coil was kept con-
stant and the whole assembly was moved along the direction of
gradient (along the x axis). In this way, the RF field strength expe-
rienced by each spin is kept constant, and only the strength of the
By field is changed. In this way, we actually sweep the Larmor fre-
quency of the spins. The intensity of the sample slice at a distance
of x =310 pum from the coil, which is on-resonance when the stage
position Ax = 0 um, is plotted against the displacement of the stage

in Fig. 7. The distance between the Al plate and RF coil was about
500 pm for the Al-glue sample. Because the experimental value of
the pulse length was set to 1 ps for all the measurements (see Sec-
tion 3.1), we also assumed an ideal 1 ps square pulse in the simu-
lation. It results in an excitation profile with a sinc function
lineshape in the frequency domain. For both samples, the experi-
mental curves are significantly narrower than the curves simulated
with a pulse duration of 1 ps. This suggests that in the experiments
the excitation frequency range of the RF pulse is narrower than the
theoretical excitation range of an ideal 1 us square pulse. This can
be understood from the fact that the actual RF pulse is not an ideal
square pulse, and its effective duration is longer than 1 ps due to
the electromagnetic response of the coil system. A longer pulse
in the time domain will result in a narrower excitation range in
the frequency domain. In order to confirm this, we also simulated
the profiles with longer RF pulse durations. Best matches were
found for a pulse duration of 1.5 ps, which are shown in Fig. 7a
and b. This indicates that in our experiments the actual pulse dura-
tion was about 1.5 ps instead of 1 ps. Therefore, a pulse duration of
1.5 ps was used for all the simulations in this work in order to be
consistent with the experimental results. Besides the pulse length,
the shape of the curves in Fig. 7 also depends on the strength (or
amplitude) of the pulse. For the glass-glue sample, a minimum is
observed at x =0 um, whereas the Al-glue sample shows only a
single peak. This is caused by the fact that, for the same RF power
level of 42 dBm, the actual RF fields are not the same for these two
samples because of the eddy currents in the Al plate. Increasing the
RF power level for the Al-glue sample would result in a similar
curve as for the glass-glue sample.

4.6. Simulation of complete NMR profiles

From the results presented in the previous section, it is known
that the actual value of the pulse length in the experiments is
1.5 ps. In this section, we will simulate the NMR profiles in the en-
tire frequency range with a pulse length of 1.5 ps. In a homoge-
neous B, field, e.g., the B, field of a volume coil, the flip angle is
well defined. However, the B, field of a surface coil used in GAR-
field NMR is very inhomogeneous, as shown in Fig. 4. The flip angle
and resonance offset vary strongly across the sample. This makes it
challenging to explain the NMR signals. The presence of the metal
plate distorts the B, field further, and makes the situation even
more complex. In order to quantitatively determine the effect of
a metal plate on the NMR signal profiles in an inhomogeneous B,
and By field, the first echo generated by an O-W sequence was sim-
ulated by considering the flip angle distribution and off-resonance
effects. Fig. 8 shows a comparison between the experimental and
simulated NMR signal profiles obtained at different RF power lev-
els. Despite the assumptions that have been made in the simula-
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tion, as discussed in Section 2, the simulated results agree very
well with the experimental results. For the glass-glue sample, the
NMR intensity increases as the power level increases from
39dBm to 41dBm, and then the intensity decreases as the
power level increases further. A broad minimum centered at the
on-resonance slice (Ax =0 um) is observed when the power level
is higher than 46 dBm. A similar phenomenon is also observed
for the Al-glue sample. For this sample, the power level at maxi-
mum intensity is 47 dBm, which is about four times higher. This
result clearly shows how the metal plate affects the NMR profiles.
Due to the generated eddy currents in the metal plate, the actual
RF field in the sample volume is attenuated. So, more power is
needed to compensate this eddy current effect and obtain a com-
parable RF field. These results demonstrate that for a correct inter-

pretation of an NMR signal profile, a calibration with the same
sample geometry and the same RF power is necessary. Different
RF power levels can result in completely different profiles.

5. Curing process of an epoxy/phenalkamine system

To demonstrate the application of GARfield NMR to polymer
coatings on metal substrates, the curing processes of epoxy/phe-
nalkamine on metallic and non-metallic substrates at room tem-
perature are compared. Fig. 9 shows the NMR profiles of these
epoxy coatings on different substrates. For both glass-epoxy and
Al-epoxy samples, the coatings remain homogeneous throughout
the curing process and no phase separation occurs. In order to
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investigate the effect of the substrate on the curing rate, the total
signal intensity of the whole layer is plotted against the curing
time in Fig. 10. Fig. 10a shows the NMR signal change with curing
time recorded with an O-W sequence with 1024 echoes. It is inter-
esting to notice that in the initial stage the curing rate of the glass—
epoxy sample is higher than that of the Al-epoxy sample. After
about 5 h, the curing process slows down and continues at a very
low rate. A possible explanation for the different curing rates of
these two samples is the difference in thermal conductivity of
the glass and aluminum substrates. It is well known that the strong
RF pulses may heat up the coil and the sample. To investigate this,
we measured the temperature of the samples under experimental
conditions by inserting a thermocouple into the polymer coating.
At room temperature of 22.5 °C, 1024 echoes and an inter-echo de-
lay of 100 ps, the coating temperature was 23.5 °C and 25.5 °C for
the Al-epoxy and the glass—epoxy sample, respectively. The actual
temperature in the Al-epoxy sample is lower than in the glass-
epoxy sample. Therefore the curing rate of the Al-epoxy sample
is slower. Obviously, the aluminum plate is a better sink for the
excess heat. In order to minimize the heating effect of the RF
pulses, we reduced the number of pulses. The NMR signal was then
recorded with 1 echo instead of 1024 echoes, and the temperature
of these two samples appeared to remain at room temperature, as
measured by the thermocouple inserted in the sample. The results
are plotted in Fig. 10b, which shows that both samples now cured
at the same rate.

T, relaxation analysis can provide valuable information about
the molecular dynamics of polymers. To compare the T, relaxation
behavior of the epoxy samples on different substrates, 1024 echoes
were recorded for each measurement. The signal decays (T, relax-
ation) were fitted using a continuous T,-fitting procedure [34,35].
Fig. 11 shows the T, relaxation time distribution of both samples
during the curing process. The horizontal axis represents the T,
relaxation time and vertical axis gives information about the pop-
ulation of spins with that T, relaxation time. At the first time point
((a), (&), there are apparently four components with different
relaxation times for both samples. With increasing curing time,
T, of all components in both samples decreases, meaning that
the whole system becomes more rigid. At the time points (c, '),
the fast relaxation components of both samples disappear and only
three components are visible in the detected time range. From time
(d, d') onwards, only two rigid components with short T, are left,
and the T, relaxation times decrease continuously with curing
time. It is outside the scope of this paper to go into details of the
chemical process of this very specific example, but by combining
the relaxation information with other analytical techniques, e.g.,
FTIR, DSC, etc., valuable information about the reaction mecha-
nisms may be obtained. Comparing Fig. 11a and b, one observes
that the T, relaxation times of the glass—epoxy sample are appar-
ently longer than those of the Al-epoxy sample. As discussed be-
fore, this can be explained by the faster curing process of the
former sample because of heating by the RF pulses. Also in these
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measurements, one can reduce the number of echoes to minimize
the heating effect of the RF pulses. However, this may conflict with
the detection of T, components which requires more echoes. A pos-
sible solution is to increase the long delay (or recycle delay), but at
the price of longer measuring time.

6. Conclusions

The effects of a metallic substrate on high-spatial resolution
NMR imaging profiles of coating films were studied from both
experimental and theoretical point of view. The excellent agree-
ment between the simulated and measured NMR profiles demon-
strates that the simulated B, field distribution of the surface coil
and the NMR signal intensity calculations presented in Section 2
accurately describe the spin dynamics of GARfield NMR in extre-
mely inhomogeneous B; and By fields.

The susceptibility and eddy current effect of non-paramagnetic
metallic substrates were evaluated. Both experiments and theory
revealed that, for non-paramagnetic metals, the effect of suscepti-
bility difference on MRI profiles is negligible in the strong static
field gradient. The difference in conductivity of the metallic sub-
strates does not affect the MRI profiles. However, the eddy currents
produced by the metal plates can significantly change the B, field
distribution in the sample volume compared to the non-metallic
substrates. The B4 field distribution around the surface coil was
simulated with and without the presence of an aluminum plate.
The complete GARfield NMR profiles were simulated by fully con-
sidering the inhomogeneity of the B, field and off-resonance ef-
fects. The off-resonance effect in GARfield NMR is also discussed
in detail in terms of the excitation profile of the RF pulse. In prac-
tice, the RF pulse length is larger than the length of the hard pulse
generated by the RF power amplifier. This leads to a narrower exci-
tation frequency range than that produced by the theoretical
calculations.

Finally, as an example, the curing processes of an epoxy/phe-
nalkamine system on aluminum and glass substrates were com-
pared. To measure a comparable NMR signal on metallic
substrates, more RF power is needed. Moreover, the heating effect
of the RF pulses may have to be taken into account when compar-
ing the NMR data measured on different substrates. This study may
contribute to the feasibility of the NMR imaging of polymer coat-
ings on metal substrates, which is important for the coating
industry.
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