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Development of proton nuclear magnetic resonance (1H NMR) analysis at 400 MHz has been 
initiated to evaluate the binder in green injection-moulded alumina compacts. The nuclear 
spin-spin relaxation times, 7"2, of protons in the binder components (paraffin wax, 
polypropylene, and stearic acid) were measured to allow comparison with those in the 
injection-moulded green compacts. 1H nuclear spin echo signals were observed by 
a (~/2)-~-~-~-echo pulse sequence. Bloch's equations were used to calculate the spin-spin 
relaxation times from these echo intensities. The 7"2 for paraffin wax and polypropylene w e r e  
in the 30-33 ItS range and their intensity decay behaviours were very similar. However, the 
T2 value for stearic acid was found to be only 17 !as and its echo signal intensity decayed 
more rapidly than those for paraffin wax and polypropylene. Binder content variations in 
three green compacts moulded from the same nominal blend composition were detected. 
Analysis of the moulded compacts also showed the presence of a species with a T2 value 
near 300 rts. This unexpected species may be the result of reaction during processing or the 
presence of moisture. The width of r.f. pulses used to measure echoes did not have 
a significant effect on relaxation times but should be considered in calculation of echo 
intensities at equilibrium and, hence, binder composition. This technique development is 
expected to allow analysis of both binder content and distribution in moulded components 
with application in process models. 

1. I n t r o d u c t i o n  
A need exists for fabrication of structural ceramic 
components of complex shapes and high dimensional 
accuracy. Injection moulding offers the opportunity to 
fabricate complex shapes with high dimensional accu- 
racy and reduce expensive machining. Although injec- 
tion-moulding technology has been well established 
for the application of organic polymers, scientific in- 
formation regarding the application to ceramics has 
been reported in the literature only recently [1-3]. 
Several factors impact on the reproducibility and cost 
of structural ceramic components fabricated by injec- 
tion moulding. These factors range from materials 
issues, such as powder characteristics [-4-6] and the 
choice of organic binders [7, 8], to technical aspects 
including mixing of blends [-9-123, moulding [13-15], 
and binders removal [,16]. The transformability be- 
tween mould dimension and product dimension was 
also a critical parameter in injection moulding of 
ceramics [-17]. With such complex factors involved in 
the reproducibility of high-performance ceramics fab- 
rication, sophisticated analysis is required for material 
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diagnosis. Nuclear magnetic resonance (NMR) ap- 
pears to be one of the most versatile techniques suit- 
able for this endeavour. 

In the application of solid-state NMR to ceramic 
components, several issues need to be addressed. In 
a rigid lattice of a solid, nuclear spin lattice relaxation 
(longitudinal relaxation) through the crystal lattice 
may not occur, resulting in a long nuclear-spin relax- 
ation time, T1. Rather, the nuclear transverse 
(spin-spin) relaxation may provide a more effective 
mechanism for non-equilibrium magnetization decay 
because of shorter relaxation time, T2 [18]. Hence, 
nuclear spin-spin relaxation time becomes an interest- 
ing parameter for solids. In the case of T2 < T~, as it 
is in our samples, T2 represents the charateristic time 
for excitation energy to move from one part of the spin 
system to another. Under this condition, energy put 
into the spin system by means of radio frequency will 
long remain in the spin system and thus energy diffu- 
sion from one region of the spin system to another 
before dissipation into molecular motion will occur. 
The T2 of polypropylene has been extensively studied 
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[-19-24] with both pulsed and continuous wave (CW) 
NMR. A relationship between T2 and molecular 
motion, molecular weight, crystallinity, and thermal 
history has been observed. 

In this study, NMR characterization of injection- 
moulded alumina green compacts containing a poly- 
propylene base binder was performed. The objective 
of the first phase was to develo p a detailed under- 
standing of the nuclear spin-spin relaxation phenom- 
enon of these green compacts. The objective of a sec- 
ond phase of this research is to develop an N MR 
imaging technique for internal structural homogeneity 
and binder distribution based on the T2 character- 
istics. This paper reports the results of the first phase: 
nuclear spin-spin relaxation. 

This stage is to compress the feedstock in the cavity to 
make up for shrinkages during cooling and solidifi- 
cation of the compact. A pressure profile ranging from 
20-30 MPa was applied to the melt for 2 s. A 15 s 
cooling cycle was used before the mould was opened 
and the compact ejected. 

Each of the three green compact samples was ap- 
proximately 13 mm x 13 m m x  3.2 mm. Each sample 
was placed into a 20 mm diameter N MR tube individ- 
ually for T2 measurements. The amount of paraffin 
wax, polypropylene, and stearic acid powder used for 
the background study was measured so that each of 
their spin echo intensities will be approximately equal 
to that of a green compact detected at a 6 gs delay 
time. 

2. Experimental procedure* 
2.1. Ceramic green compacts 
The feedstock was prepared by mixing Alcoa A17 
alumina powder with a binder containing three com- 
ponents: paraffin wax, polypropylene, and stearic acid. 
The mixture consisted of 65 vol % alumina and 
35vo1% binder. The binder constituents were 
62 wt % paraffin wax, 33 wt % polypropylene, and 
5 wt % stearic acid. All binder components were in 
powder form and were blended in a high shear rate 
blender with intensifier bar for 10 rain at 60 r.p.m. 
blending bowl speed and 3000 r.p.m, intensifier bar 
speed. This powder mixture was fed via a vi- 
bratory/screw-type feeder into a twin-screw processor 
at 27 cm 3 min-  1. 

Injection moulding was performed using a feed- 
back-controlled Engel powder injection-moulding 
machine. This is a microprocessor-controlled injec- 
tion-moulding machine specially equipped to process 
metal and ceramic powders. All parts were processed 
using the same moulding conditions. A nozzle/barrel 
temperature profile of 105, 110, 110, 97 ~ from nozzle 
through three barrel heating sections was used. The 
feeding throat of the moulding machine was chilled to 
18 ~ The mould temperature was kept constant via 
a water circulator at 28 ~ Injection was performed at 
a fixed, feedback-controlled filling speed profile: Dur- 
ing filling of sprue and runner system, a screw speed of 
6 cms -1 was used for the 22 mm diameter screw. 
Once the left-front reached the gate, the speed was 
reduced to 1 cm s - 1. This is done to avoid "jetting" of 
the material through the mould, resulting in back- 
filling. Subsequently, the speed was increased to 
8.4 cm s-  1 to ensure the entire fracture bar was filled 
before the material solidified. The entire filling cycle 
took 0.3 s. Once a piezo-electric quartz cavity pressure 
transducer sensed 2 MPa in the mould cavity, control 
was changed over to pressure control for packing. 

* Certain commercial equipment, instrument, or materials are iden- 
tified in this paper in order to specify adequately the experimental 
procedure. Such identification does not imply recommendation or 
endorsement by the National Institute of Standards and Techno- 
logy, nor does it imply that the materials or equipment identified are 
necessarily the best available for the purpose. 
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2.2. NMR spectrometer and T2 
measurements 

The N MR facility consists of a Bruker MSL-400 sys- 
tem with micro-imaging accessories. The T2 measure- 
ments were performed in the radio frequency resonant 
coils (r.f. coils) of the imaging probe. This spectrometer 
has a superconducting magnet of 9.394 T which cor- 
responds to a 1H resonant frequency of ~ 400 MHz. 
Our actual resonant frequency was 400.159972 _+ 
0.000 001 MHz. Usually, a 20 mm r.f. coil was used for 
the detection of the 1H nuclear echo signal from the 
binder. In some cases, a 10ram coil was used for 
comparison. The r~/2 pulse width was 19.5 gs for the 
20 mm coil. 

The T 2 was measured by a multiple pulse sequence 
of (r~/2)-z-(rc)-'c-echo-Oo to detect the nuclear echo 
signals. In this sequence, the 0z/2) is a 90 ~ r.f. pulse that 
flips the nuclear bulk magnetization vector, M, from 
the z-axis to the y-axis. The variable delay, ~, ranges 
from 6-100 ~ts. The r~ is a 180 ~ r.f. pulse and its width is 
39 gs for the 20 mm coil. Do (20 s in our experiments) 
is a long delay for the nucleus to return to equilibrium 
by releasing excitation energy through the crystal lat- 
tice. A nuclear echo signal will be detected at the end 
of the second delay, z, according to Hahn [25, 26]. If 
we measure the echo signals for a series of delays 
(~ = 6, 8, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90 and 
100 gs), T2 can be calculated from the change in echo 
signal intensity. In our experiment, roy rather than 
rex was used for the 180 ~ excitation. Here x and y rep- 
resent the coordinates along which the excitation was 
delivered. This approach is similar to the Carr-Pur-  
cell/Meiboom-Gill sequence [-27, 28]. 

Samples of paraffin wax, polypropylene, stearic 
acid and three bars of injection-moulded alumina 
green compacts were subjected to the measurement of 
nuclear spin-spin relaxation times in a 20 mm dia- 
meter radio frequency (r.f.)resonant coil. The 90 ~ (r~/2) 
pulse width was calculated by taking half of the 180 ~ 
pulse width which showed no free induction decay 
(FID) signal in a single-pulse programme. The cal- 
culated 90 ~ pulse width was further confirmed to have 
a maximum FID intensity in a single-pulse measure- 
ment. The nuclear echo intensities at equilibrium Io, 
and Tz's were calculated by a pascal program, named 
SIMFIT. 



The resonant probe has a weak proton signal be- 
cause the materials used to build the probe contain 
protons. A set of experiments to record the echo signal 
intensities was performed for various delays and data 
stored in a computer for background subtraction. 
Echo signals of the samples were recorded under iden- 
tical spectrometer parameters with "absolute inten- 
sity" setting to one (AI = 1) for comparison. Four 
scans were collected for each echo. The signals were 
Fourier-transformed, background subtracted, and in- 
tegrated for intensity. 

3. Results and discussion 
The nuclear spin-spin relaxation time, T2, was meas- 
ured by a multiple pulse sequence of (n/2)~-z-(n)y-x- 
echo to detect the nuclear echo signals. In this manner, 
the (n/2)~ is a 90 ~ r.f. pulse (19.5 gs pulse width) paral- 
lel to the x-axis that flips the nuclear bulk magnetiz- 
ation vector, M, from the z-axis to the y-axis. During 
the variable delay, ~, the xy component of this bulk 
nuclear magnetization vector, M~y, starts to fan out 
and lose phase coherence on the xy plane because of 
the magnetic field inhomogeneity and the character- 
istic spin-spin relaxation times of paraffin wax, poly- 
propylene, and stearic acid. The (rOy is a 180 ~ pulse 
(39 gs pulse width) parallel to the y-axis that rotates 
the dephased Mxy components on the xy plane about 
the x-axis. A nuclear echo signal will be detected at the 
end of the second delay, z. Nuclear echo signal inten- 
sities were measured for the delays (z) of 6, 8, 10, 15, 20, 
25, 30, 40, 50, 60, 70, 80, 90 and 100gs in the 
(n/2)~-x-(rt)y-'c-echo-Do sequence. The echo inten- 
sities detected at these delays are tabulated in Table I 
for the pure binder components and in Table I! for 
the three injection-moulded alumina green compacts. 
The masses of the pure component samples are 
0.14489 +_ 0.00001 g, 0.143 12 + 0.00001 g, and 
0.385 47 _+ 0.00001 g for paraffin wax, polypropylene, 
and stearic acid, respectively. The parameters of the 
spectrometer were set in such a way that, at ~ = 6 gs, 

TABLE I tH spin-echo intensity decay of paraffin wax, poly- 
propylene, and stearic acid 

Delay, ~(gs)  Nuclear echo intensity (Arb. units) 

Wax Polypropylene Stearic acid 

6 91.0 89.7 95.6 
8 77.1 72.9 71.0 

10 67.8 62.2 53.3 
15 50.5 46.9 32.7 
20 36.1 32.6 19.4 
25 27.6 26.5 12.9 
30 19.5 20.0 9.0 
40 9.9 14.0 5.3 
50 6.0 9.8 4.5 
60 3.4 8.0 4.0 
70 2.6 6.7 3.8 
80 1.4 5.5 3.7 
90 0.92 4.4 3.3 

100 0.90 4.2 3.1 
Sample weight 0.14489 + 0.143 12 _ 0.38547+ 

0.00001 g 0.00001 g 0.00001 g 

TABLE II 1H spin-echo intensity decay of injection-moulded 
alumina green compacts 

Delay, ~(p-s) Nuclear spin-echo intensity (Arb. units) 

Sample 1 Sample 2 Sample 3 

6 100 77.7 90.8 
8 89.5 69.9 78.5 

10 81.7 64.1 71.9 
15 64.8 51.3 56.1 
20 52.1 37.9 43.8 
25 42.7 29.1 36.0 
30 35.8 25.4 29.1 
40 27.6 18.9 21.9 
50 23.2 15.7 18.6 
60 21.1 13,3 15.7 
70 19.3 12.3 14.1 
80 17.1 10,9 12.7 
90 16.3 9,9 12.1 

100 15.3 9,4 11.6 

Sample 1.47998 _+ 1,45501 _-t- 1.57730 + 
weight 0.00001 g 0,00001 g 0.00001 g 
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20 4O 60 80 1 O0 
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Figure I A comparison of integrated 1H spin echo signal intensity 
versus delay time for (O) paraffin wax, (A) polypropylene, and (A) 
stearic acid. 

the integrated nuclear spin echo intensity for wax was 
near 100 for ease of comparison. At this delay, the 
echo intensities are 91.0, 89.7, and 95.6, in arbitrary 
units, for wax, polypropylene, and stearic acid, respec- 
tively. Adjusting for differences in the sample sizes, the 
spin echo intensities per gram sample are 628.1,626.7, 
and 248.0 for wax, polypropylene, and stearic acid, 
respectively. Thus, we can conclude that stearic acid is 
a low echo-intensity compound compared to wax and 
polypropylene. A plot of the intensity versus delay 
time in Table I is shown in Fig. 1. This figure shows 
clearly that the spin echo intensity decay rate of wax is 
very close to that of the polypropylene. But the nu- 
clear relaxation rate of the stearic acid is quite differ- 
ent from that of the wax or polypropylene - with 
a much faster decay rate and thus a shorter T2. 

According to Bloch's equations [29] 

dMx/dt = 7(MxH)x - M~/T2 (1) 

and 

dMy/dt = 7(Mx//)y - My~T2 (2) 
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Figure 2 (a) rt/2-~-~-~-echo multiple pulse sequence for detection 
of nuclear echo. The echo will be observed at 2~ when x is large 
compared to the r.f. pulse width. (b) When the r.f. pulse width is not 
small enough to be ignored as compared to x, the echo will be 
detected at 2~ + [-3 + (2/~t)] D~, where D~ is the 90 ~ r.f. pulse width. 
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Figure 3 An example of spin echo intensity versus 2r plot for a wax 
sample, the data was used to calculate Tz at 2x echo time from 
Equation 3. 

where H is the total magnetic field and 1' is the 
gyromagnetic ratio. The component of the nuclear 
magnetization vector on the xy plane will decay expo- 
nentially via Tz causing the spin echo intensity ob- 
served at time,~ t, to decrease exponentially according to 

I = I o e x p ( -  t/T2) (3) 

where lo is the echo intensity at equilibrium [30]. 
Tz can be calculated from Equation 3 using the values 
of I and "c when the echo occurs at t --- 2"c. Fig. 2a is an 
example of such a multiple pulse sequence. T2 values 
of 31.5, 33.5, and 17.7 Its for paraffin wax, polypropy- 
lene, and stearic acid, respectively, were obtained by 
substituting z and echo intensity values (Table I) into 
Equation 3. Considering the variability in molecular 
weight, crystallinity, and thermal history that affect 
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Figure 4 (a) Fourier-transformed nuclear spin echo signal of 
a stearic acid sample, at z = 8 p-s, shows a narrow peak from mobile 
protons, probably due to the surface moisture. (b) At �9 = 70 p-s, the 
broad signal from stearic acid has almost disappeared, but the 
narrow line remains, indicating a longer T2 of the mobile protons. 

T2 ,  o u r  measured 33.5 gs agrees well with the pub- 
lished value of polypropylene [-19]. Fig. 3 shows I 
versus 2r data measured for a wax sample. Using these 
data in Equation 3 allows calculation of T 2. In addi- 
tion to a shorter T2, we have also observed a type of 
more "mobile" protons in the stearic acid sample. 
These protons may be due to surface-adsorbed moist- 
ure on stearic acid powders. After Fourier transforma- 
tion, they give a characteristic narrow line on top of 
the broader line from the solid. Fig. 4a shows such 
a line at z = 8 Its. However, because of a much longer 
T 2 in the mobile protons, the decay rate of stearic acid 
will not be altered by these mobile protons. Fig. 4b 
shows, at �9 = 70 Its, almost a complete decay of the 
stearic acid nuclear echo signal while the narrow peak 
due to the mobile protons remains. 

An echo will be detected at 2z only if the r.f. pulse 
widths (~/2 and re) are small compared to the x. The 
20 mm r.f.-coil used in this study has a rt-pulse width 
of 39 Its (Dl=19 .5 i t s ,  Dz=391ts where D1 and 
D2 represent the width for 90 ~ and 180 ~ pulse, respec- 
tively). The �9 we used could be as short as 6 Its. The 
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Figure 5 A comparison of integrated XH spin echo signal intensity 
versus delay time for injection-moulded alumina green compacts: 
(0)  Sample 1, (A) Sample 2, (A) Sample 3. 

a species of protons with much longer T2 values than 
those of wax, polypropylene, or stearic acid was found 
in the green compacts. Calculations of T 2 for the mo- 
bile species using SIMFIT from Equations 4 and 
5 gives T2 values at 250-300 ~ts and an intensity of 
2%-2.5% of that measured for the green compact. The 
source of these protons is not clear. They may be from 
the moisture trapped in the green compacts during 
injection moulding, evaporated or decomposed from 
the binder during thermal treatment. Quantification of 
stearic acid in these green compacts was difficult due to: 
(1) its low concentration, (2) the high r.f. pulse width to 
z ratio causes unreasonable extrapolation to obtain I0, 
and (3) the nuclear echo intensity per unit weight from 
the stearic acid represents only approximately 40% of 
those from wax or polypropylene. 

D1 and Dz values, then, cannot be ignored. Fig. 2b 
shows the actual pulse sequence in our experiment. 
According to Slichter r30], the time between the end 
of n-pulse and the peak of the echo signal should be 
[~ + (2/n)D1]. The echo time, TE, will then be 

TE = D1 + ~ + 2D1 + ~ + (2/n)D1 

= 2~ + 67.3 ~ts (4) 

for D1 = 19.5 txs. The relationship between echo inten- 
sity and TE will be 

I = I 0 e x p ( -  TE/Tz)  (5) 

The T2 values did not alter drastically by using Equa- 
tion 5 for calculation, because they are calculated from 
the intensity decay rate. We obtain 30.2, 32.1, and 
16.4 ~ts for wax, polypropylene, and stearic acid, re- 
spectively. These values are comparable to the values 
of 31.5, 33.5, and 17.7 [xs obtained without considering 
the n and n/2 pulse widths. It does, though, influence 
the echo intensity at equilibrium, Io, because T2 is 
calculated based on the rate of decay of the echo 
intensity, while I0 is related to the time at which the 
echo is detected. 

Fig. 5 is a plot of the integrated proton echo inten- 
sities versus the variable delay times, x, for the three 
alumina green compacts. The weight of these com- 
pacts were 1.47998_ 0.00001 g, 1.45501 _+ 0.00001 g, 
and 1.577 30 _+ 0.00001 g for sample 1, 2, and 3, re- 
spectively. The theoretical nuclear spin echo intensity 
ratio for these three green compacts should be the 
same as the weight ratio, which is 100.0: 98.3 : 106.5, if 
all compositions are the same. We measured an inten- 
sity ratio of 100.0: 77.7 : 90.8 for these samples. It can 
be concluded, then, that Sample 1 has the highest 
binder concentration and Sample 2 has the lowest. 
Another possibility is that Sample 2 contains more 
stearic acid which exhibits a lower echo intensity per 
unit weight. A careful examination of the decay beha- 
viour in Fig. 5 does indicate that Sample 2 may have 
decayed more rapidly than 1 and 3 in the r = 15-30 Ixs 
region. 

A comparison of the nuclear echo decay curves of 
the green compacts in Fig. 5 to those of the pure 
binder components in Fig. 1 clearly indicates that 

4. Conclusion 
NMR is a versatile technique for ceramic materials 
characterization. Nuclear spin-spin relaxation time, 
T2, is a useful parameter that can be used to study the 
binder content and composition in ceramic green 
compacts. Injection-moulded green compacts are suit- 
able candidates for this type of study because of their 
high binder content and multiple binder component. 

The T2 values for paraffin wax, polypropylene, 
stearic acid, and injection-moulded alumina green 
compacts were measured by the (rt/2)x-z-nr-r- 
echo-Do spin echo at proton frequency in a 9.394 T 
magnetic field. 

Binder content variation in the green compacts, 
fabricated from the same feedstock, were detected 
from nuclear spin echo signal intensities. The nuclear 
spin-spin relaxation times for paraffin wax poly- 
propylene were approximately 30 ps, and  their inten- 
sity decay behaviours were very similar. However, 
T2 of stearic acid was found to be only 17 ps and the 
echo signal intensity decays more rapidly than that of 
paraffin wax and polypropylene. The results also indi- 
cate that during the process of injection moulding, 
a new species with T2 near 300 kts was formed. 

The effect of the r.f. pulse width on the relaxation 
time was found to be insignificant. However, its influ- 
ence on the calculation of echo intensities at equilib- 
rium, thus the composition of the binder, should be 
carefully considered. 
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