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SYNOPSIS

Low molecular weight poly (methylmethacrylate) and poly (methylmethacrylate-co-n-bu-
tylmethacrylate) emulsion-based polymers are developed for use as fugitive binders of high
temperature powders to be used with the rapid prototyping method known as selective
laser sintering. Kinetics of the homopolymerization of methylmethacrylate and n-butyl-
methacrylate are found to deviate from Smith-Ewart Type II predictions. Reactivity ratios
for the monomer pair are determined and indicate the pair to yield random copolymers.
Molecular weight was controlled by the addition of chain transfer agents. Several transfer
agents were studied and one, iso-octyl-3-mercaptopropionate, was selected for use with
emulsion polymerizations. Glass transition temperatures of the homopolymers and copol-
ymers were studied. © 1994 John Wiley & Sons, Inc.

INTRODUCTION

Several novel solid freeform fabrication ? processes
have emerged as rapid prototyping and manufac-
turing methods for preparing three dimensional ob-
jects. These processes differ radically from conven-
tional fabrication methods in that they produce
three dimensional objects by some means of material
addition. One of these techniques, Selective Laser
Sintering™, or SLS, was developed at The Univer-
sity of Texas in the late 1980s.>* Selective Laser
Sintering has been developed into a commercial
process by DTM Corporation, Austin, Texas, and
has become a leader in the field of rapid prototyping
using fusible polymer powders, such as bisphenol-A
polycarbonate, nylon 11, and investment casting
waxes.

As shown in Figure 1, the SLS process consists
of a laser with scanning control (A, B), a computer
for process control (H), a powder leveling mecha-
nism (D), a powder feed cylinder (not shown), a
part cylinder (F), and a radiant heater for main-
taining powder bed temperatures (C). Processing
takes place in an inert, temperature-controlled at-
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mosphere. Files for three-dimensional parts are
typically generated with CAD systems that have
solid modeling capabilities. These files are numer-
ically sliced via additional software into layers. Each
layer corresponds to a layer of powder. Powder layers
are delivered by the leveling mechanism from the
powder feed cylinder to the part cylinder. Layer
thicknesses are selected by the operator to be in the
range of 0.010 to 0.025 centimeters. The software
layer information is used to drive the scanning laser.
The laser selectively sinters the area corresponding
to the current layer of the part. Enough energy is
provided by the laser to fuse the powder within the
layer and to fuse the current layer to any previous
layers. In this manner, a three-dimensional object
is built from the bottom up. No part supports are
necessary, because the unsintered powder provides
a natural support. The unsintered powder is easily
brushed away, leaving the solid object.

The SLS manufacturing process can be adapted
to form parts directly from high temperature fusible
materials, such as ceramics and metals.® This pro-
cess advancement is presently under development at
The University of Texas at Austin. Research is also
focused on the development of composite ceramic
and metal powders that contain fugitive polymer
binders.®® The polymer binder is combined with the
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Figure 1 Selective laser sintering process. (A) Laser
source, (B) mirrors, (C) radiant heater, (D) leveling
mechanism, (E) part, (F) powder bed, (G) new layer, and
(H) computer control.

high temperature powder material and the resulting
composite is subjected to conventional SLS pro-
cessing. This yields a polymer-bound object, nor-
mally termed a ‘“‘green” part, that can be postpro-
cessed to yield a functional part.

Preliminary investigations have shown that en-
capsulation of the inorganic powders with the poly-
mer binder offers distinct advantages over simply
mixing the binder with powders.® Encapsulated
powders do not suffer from segregation caused by
density differences of the constituents, whereas
powder mixtures of low density binder with high
density materials clearly show separation with only
slight tapping. In addition, for a given volume frac-
tion of binder, green parts, made from polymer en-
capsulated powders, exhibit green strengths that are
greater than those of green parts made from mixed
powders. In other words, a lower polymer content
is required in encapsulated powders than in mixed
powders to obtain a given green strength. This re-
quirement is essential to obtaining green parts with
high ceramic or metal contents. Also, most of the

ceramic and metal powders under consideration have
particle sizes in the range of 0.1-10 um. Powders of
this size range often spread poorly during the SLS
leveling sequence, resulting in low bed densities and
discontinuous bed surfaces. Encapsulation with
polymer binder can agglomerate these small particles
to achieve composite particles with sizes in the range
of 20-100 um. Powder leveling is much improved
when these larger particles are used.!®

Spray drying' is the method of choice for encap-
sulation of ceramic and metal powders. This method
offers the distinct advantage of yielding a free-flow-
ing powder in a single step process. Many examples
of encapsulation by spray drying can be found in
the literature.'? The method typically requires the
encapsulating material be soluble in a carrier media
that is easily vaporized. Several volatile organic sol-
vents are potentially suitable for this purpose, how-
ever, these are not being considered, due to increased
handling and processing requirements. This leaves
polymers that are soluble or dispersible in water.
Water soluble polymers have some technical draw-
backs and are not being used in the present appli-
cation. First, these polymers are sensitive to hu-
midity and they can become rubbery or sticky if the
humidity is too high, resulting in encapsulated par-
ticles that do not spread well with the SLS leveling
mechanism. Second, most do not thermally degrade
to only gaseous products under the reducing con-
ditions required for processing metal parts. This
characteristic can lead to carbon residue in the part
following binder burnout and it can also lead to poor
mechanical properties.

To avoid the problems discussed above, water-
based emulsion polymer and copolymer binders were
chosen to prepare coated inorganic powders for use
in the SLS process. One of the binder systems cho-
sen for this study, the preparation of which is dis-
cussed in detail in this article, is the emulsion co-
polymer comprising methylmethacrylate, MMA,
and n-butylmethacrylate, nBMA. This system has
several advantages. The first advantage is the ease
of preparation of this essentially random copolymer
by well-known free radical mechanisms.?*'" Second,
the copolymer has alternating 1,1-disubstituted
carbons in its backbone. This feature permits de-
polymerization to monomer gases, resulting in low
carbon residue during thermal removal of the
binder, ' even under the reducing conditions re-
quired for sintering of metals. The glass transition
temperature, Ty, of the copolymer can be varied be-
tween 20°C, the T, of pure PnBMA, and 110°C, the
T, for pure PMMA, by adjusting the copolymer
composition.” Due to drying temperature limits on
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our spray drier, binders with T,s in excess of 110°C
will not produce agglomerated and coated particles,
therefore it is operationally useful to reduce the
binder T, to below 100°C. Powder storage and SLS
roller-spreading concerns generally require that the
T, of the binder be no lower than 40-50°C. Some
attraction and potential adhesion of PMMA to polar
inorganic surfaces is indicated in the literature.?*-2
Adhesion is clearly important to the development
of good green strengths, and this will be discussed
in a subsequent article.

Regardless of the polymer or copolymer binder
composition chosen, green strength, powder bed
density, and agglomerate morphology are found to
be related to the binder’s ability to wet rapidly the
inorganic particulate during spray drying. Toward
that end, we deliberately produced low molecular
weight (typically M, = 10-25,000), high melt flow
materials [ melt flow near 30 g/10 min at 200°C and
0.52 MPa (75 psi) (ASTM D1238)]. As discussed
below, this is accomplished in a batch mode by con-
trol of the polymerization recipe and by the use of
chain transfer agents.

MATERIALS AND METHODS

Materials

Methylmethacrylate (MMA) and rn-butylmethac-
rylate (nBMA) (Aldrich Chemical Co.) monomers
were purified of inhibitor by washing three times
with 5M NaOH solution at a volume ratio of 5: 1,
monomer to caustic, respectively. Washed mono-
mers were chilled to —4°C to freeze residual water,
were filtered, and were then stored at 4°C until
needed. Clean monomers were used within two
weeks of purification. Monomers, cleaned in this
fashion, yielded repeatable results with little or no
induction periods prior to initiation of polymeriza-
tion.

Potassium persulfate initiator (Aldrich Chemical
Co.) and electrophoresis grade sodium dodecyl sul-
fate (SDS) emulsifier (Kodak Chemical Co.), were
used as supplied. Chain transfer agents thiophenol

Table I Emulsion Polymerization Recipe

Ingredient Quantity (g)

Deionized Water 100.00
Monomer 50.00
Potassium Persulfate 0.05-2.50
Sodium Dodecyl Sulfate 0.25-2.50

(THP) and t¢-dodecylmercaptan (t-DDM) were
obtained from Aldrich Chemical Co. Additional
chain transfer agents, iso-octyl-3-mercaptopropio-
nate (i-OMP) and n-butyl-3-mercaptopropionate
(n-BMP), were obtained from Pfaltz and Bauer
Chemical Co. All chain transfer agents were used
as received.

Preparation of Emulsion Polymers

Batch emulsion polymerizations were conducted
using the general recipe presented in Table I. Fil-
tered and deoxygenated water was used in all po-
lymerizations. The reaction vessel consisted of a 500-
ml, 3-necked, round-bottom flask, equipped with a
2 in. half-moon stirrer, connected to a stainless steel
shaft, attached to a variable speed motor, a con-
denser, nitrogen and thermocouple inlets, and a glass
sampling tube. The reaction vessel was immersed in
a constant temperature water bath, equipped with
an agitator, water inlet, and a temperature control-
ler, capable of maintaining +0.5°C.

Emulsifier and 75% of the total volume of water
were added to the reaction vessel, were stirred, and
were sparged with oxygen-free nitrogen for at least
15 min. Monomer, agitated and sparged with nitro-
gen for } h prior to use, was then added to the re-
action vessel. The vessel contents were emulsified
for 15 min under a slightly positive pressure of ni-
trogen. During this period, the initiator was dis-
solved in the remaining portion of oxygen-free water
and was brought to temperature by immersion in
the water bath. The initiator solution was then
added to the emulsion and the polymerization was
carried out for a time sufficient to ensure complete
conversion, typically no more than 6 h.

When chain transfer agents were used, the desired
chain transfer agent (CTA) was added to the mono-
mer and the resulting solution was charged to the
reaction vessel. For the determination of the chain
transfer constant, C,, of a particular CTA /monomer
system, the CTA was added to the monomer in the
amounts of 0.1, 0.2, 0.4, and 0.8% (mol/mol).

Monomer conversion was determined gravimet-
rically. A total of 24 samples, 1-2 mL in volume,
were withdrawn from the reaction vessel via the glass
sampling tube at predetermined intervals. Each
sample was drawn into a preweighed vial containing
a 1% solution of hydroquinone ( Aldrich Chemical
Co.) in water to stop the reaction, was quickly
weighed, and was then transferred to a preweighed
aluminum pan. The samples were dried in a hood
at room temperature. The samples were transferred
to a vacuum oven and were maintained at 80°C for
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6 h, were cooled, and were weighed. This process
was repeated until constant weight was obtained.

Latex and Polymer Characterizations

The resulting latexes were filtered through glass
wool to remove any coagulum. A portion of each
latex was precipitated with acetone, was rinsed sev-
eral times with deionized water, and was filtered.
The resulting cake was spread on an aluminum sheet
and was dried in vacuum.

Further portions of each latex were diluted with
freshly distilled water to 0.0075% solids for viewing
by scanning transmission electron microscopy
(STEM). A monodisperse polystyrene standard la-
tex (D, = 1.40 £ 0.03 um, Polysciences, Inc.) was
added to the latex samples for internal calibration.
The diluted samples were mounted on copper stages,
which had been polished with 6 um diamond paste
(Buehler), followed by fine polishing with 0.05 um
alumina. The mounted samples were gold coated and
photographed with a JEOL 1200X STEM, using an
accelerating voltage of 120 keV. The resulting mi-
crographs were digitally scanned to a high resolution
image file that was processed manually for particle
size information using a public domain image pro-
cessing software package called Image, V1.41, pub-
lished by the National Institutes of Health, available
for MacIntosh computers.

Polymer molecular weights were determined by
gel permeation chromatography (GPC), according
to the method described by ASTM D3536-76, using
a Waters liquid chromatograph, equipped with 10°
A, 10* A, 10% A, and 500 A Ultrastyragel columns.
The unit was further equipped with a Model R401
differential refractometer for detection. Chroma-
tography was performed with tetrahydrofuran
(HPCL Grade, Aldrich Chem. Co.) as the solvent.
The columns were calibrated with narrow (M,,/M,,
=~ 1.0) molecular weight polymethylmethacrylate
standards (Pressure Chem. Co.), which had prede-
termined weight average molecular weights ranging
from 6000 to 10°.

Polymer melt flow, ASTM D1238, was deter-
mined using a Kayness Galaxy I capillary rheometer.
Melt flow was determined at 200°C and 0.52 MPa
(75 psi) for both PMMA and P(MMA-co-nBMA)
polymers. Several measurements were done to ob-
tain a representative average of the melt flow value.

Copolymer compositions were determined by nu-
clear magnetic resonance (NMR ) spectroscopy. The
250-MHz 'H spectra of polymers were recorded and
analyzed on a Bruker AC-250 spectrometer, using
5% solutions in d;-chloroform with tetramethylsi-

lane (TMS) as an internal reference. Spectra were
recorded at ambient temperatures.

Polymer glass transition temperatures, T, were
measured using the differential scanning calorimetry
(DSC) portion of a Perkin-Elmer Series 7 Thermal
Analyzer System. Data were recorded at scanning
rates of 10°C/min against a baseline scan. Tem-
perature ranges of the scans were sufficient to allow
at least 20°C prior to and following the transition
of all polymers. For polymers having T ;s below about
40°C, it was necessary to modify the temperature
ramp to scan at a rate of 5°C /min to provide more
sensitivity.

RESULTS AND DISCUSSION

Determination of the Recipe

It was necessary to develop an emulsion recipe that
could produce stable emulsions and yield measurable
reaction rates at various temperatures for determi-
nation of kinetic information. Also, since minimal
residue after thermal degradation is required, the
recipe needed to use the minimum number of in-
gredients to obtain a low molecular weight polymer.
Table I shows the general recipe that meets these
criteria.

According to Type II Smith-Ewart emulsion
homopolymerization kinetics with persulfate initi-
ation,* the polymerization rate, R,, and degree of
polymerization, DP, are related to initiator and
emulsifier concentrations as follows

R, o« C%°CY*

DP o C%°C;°8 (1)

where Cr is emulsifier concentration and C; is ini-
tiator concentration. To verify this behavior, a series
of experiments were conducted to determine the in-
fluence of Cr and C; on polymerization rate, latex
stability, and resultant polymer molecular weight.
In these experiments, all maintained at 70°C
+ 0.5°C, the initiator was varied over a hundred-
fold range and the emulsifier was varied over a ten-
fold range.

Figures 2 and 3 show the effect of Cz and C; on
the molecular weights of MMA and nBMA, respec-
tively. The data confirm the general trends in mo-
lecular weight dependence described by Eq. (1), but
give rise to different values for the exponents. The
experimental exponents, associated with Cg and Cy,
are determined to be 0.45 £ 0.06 and —0.52 £+ 0.02
for MMA and 0.28 = 0.04 and —0.35 = 0.08 for
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Figure 2 The effect of initiator and emulsifier concentrations on the molecular weight
of emulsion polymerized methylmethacrylate, polymerized at 70°C.
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Table II Summary of PMMA Latex Appearances
for Various Initiator and Surfactant

Concentrations
CE CI
(g/100 mL (g/100 mL Temperature
H,0) H,0) °C) Result

2.5 2.5 70 Stable
2.5 1.0 70 Stable
2.5 0.05 70 Stable
1.0 0.05 70 Stable
1.0 1.0 70 Stable
1.0 2.5 70 Cream
0.5 0.05 70 Stable
0.5 1.0 70 Clumps
0.5 2.5 70 Creamed
0.25 2.5 70 Solid
1.0 2.5 50 Cream
1.0 1.0 50 Stable
1.0 0.5 50 Stable

molecular weight is not especially pronounced. Both
monomers show only about an order of magnitude
change in M,, over the ranges of Cy and C; studied.
The molecular weights of all of these polymers are
high, and the PMMA polymers show melt flows near
zero at 200°C and 0.52 MPa (75 psi). Therefore,
any appreciable changes in molecular weight can
only be obtained by the addition of chain transfer
agents.

At 70°C, polymerization rates for MMA were fast
and difficult to measure accurately. The rate behav-
ior, described by eq. (1), was qualitatively observed,
but no rigorous analysis was conducted to determine
the actual influences of Cz and C;. The Trommsdorf
or “gel effect” was observed in all polymerizations
of MMA and was characterized by a substantial in-
crease in the polymerization rate, R,, accompanied
by a 15-20°C increase in the reaction temperature.
Consequently, isothermal conditions were difficult
to maintain. Decreasing the emulsifier concentration
reduced the rate as well as the exotherm caused by
the gel effect. However, latex stability also decreased
and the lower limit of stability was found to be ap-
proximately 0.5 g/100 mL, based on water, which
is slightly more than twice the critical micelle con-
centration (8.1 mmol/L?®) for SDS. At moderate
to low concentrations of emulsifier, increases in the
initiator concentration reduced latex stability. Table
11 summarizes PMMA latex stability observations.

The polymerization temperature was dropped to
50°C to reduce the exotherm. Emulsifier and initi-
ator concentrations were fixed at 1 g/100 mL and

0.5 g/100 mL, based on water, respectively. Higher
concentrations of initiator to favor low molecular
weight were still found to reduce latex stability. The
given concentrations yield latexes that have a min-
imum of ingredients, good emulsion stability, and
nearly isothermal polymerization rates. The gel ef-
fect during polymerizations of MMA was reduced
and reaction temperature increases did not exceed
5°C of the bath temperature.

Rate Kinetics

Using the recipe immediately above, the kinetics of
homopolymerization of the monomers were deter-
mined in the temperature range of 30-60°C. Figure
4 shows representative conversion curves deter-
mined gravimetrically for homopolymerizations.
The overall rate of polymerization, R,, was deter-
mined from the slope of the constant rate period of
the conversion curves. This region, termed Interval
II, corresponds to an essentially constant polymer
particle population, which is in thermodynamic
equilibrium with dispersed monomer droplets. This
results in a constant monomer concentration, [M],
within the growing polymer particles.?®

Table III shows the results of particle size mea-
surements for several PMMA emulsions. No particle
size information for PnBMA latexes was obtained,
due to the melting of these particles by the scanning
electron beam. However, in the limited time before
complete deformation of these latex particles, the
apparent sizes were observed to be of the same order
as the sizes observed for PMMA latexes. With re-
spect to the PMMA latex particles, the high T}, of
this polymer, combined with a sufficient gold coat-
ing, are sufficient to minimize deformation of the
particles.?’

Particle size distributions for the latexes shown
in Table III were normally distributed with standard
deviations, typically of about =12 nm. Particle di-
ameters, D,, are expressed as a number average,?
defined as

_ ) niDPi

D, 2 n

(2)

where n; is the number fraction of particles with
diameter, D,;, determined from microscopy. The
number of polymer particles per milliliter, N, can
then be determined according to the following?®

ém
N = = (3)
7p, D}
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Figure4 Typical monomer conversion curves for MMA (O) and nBMA (A), polymerized
at various temperatures. C; = 0.5 g/100 mL and Cg = 1.0 g/100 mL, based on water.

where m,, is the weight of polymer per milliliter of
emulsion, p, is the polymer density, and D, is the
particle diameter, determined from eq. (2). Assum-
ing an emulsion density of approximately 1.0 g/cm?,
the weight of polymer per milliliter of emulsion, m,,
can be expressed as the mass fraction of polymer in

Table III Particle Analysis for Emulsion
Polymerization of MMA*

Particle
Temperature Solids Diameter N
Run ) (wt %) (nm) (X10"/cm?)
118 30 23.8 129 1.782
119 30 22.4 128 1.717
121 40 28.2 119 2.690
122 45 31.2 112 3.569
150 50 30.2 105 4.195
184 50 45.0 97 7.920
PP-2 50 44.6 126 3.584
PP-3 50 46.0 116 4.737
PP-4 50 44.7 109 5.549

2 Cg = 1.0 g/100 mL and C; = 0.5 g/100 mL, based on water.

the emulsion, x,. This assumption yields values that
are valid to within 7%. The density of PMMA is
taken to be 1.188 g/cm?® from the literature.*®

The data of Table III show particle size to increase
slightly with decreasing polymerization tempera-
tures, therefore, there is a slight decrease in particle
number with decreasing polymerization tempera-
tures. This is consistent with other observations.?
Generally, however, the number of particles appears
to be fairly constant at about 2-5 X 10 per milli-
liter. Therefore, in further considerations, a mean
value of 4.0 X 10 particles per milliliter is assumed.

Figures 5 and 6 show the Arrhenius plots of ob-
served rates for MMA and nBMA, respectively. The
activation energies are 21.78 kcal/mol and 17.91
kcal /mol, respectively. If Case II Smith-Ewart ki-
netics is observed, the polymerization rate can then
be expressed as

~ 22 =R, = ik, [M] — (4)

where m is the monomer concentration of the emul-
sion, n is the number of radicals per polymer particle,
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k, is the propagation constant from homogeneous
kinetics, [ M] is the monomer concentration in the
polymer particles, N is the number particles per
milliliter, and N, is Avogadros’ number. In the
present work, the number of particles, N, has been
shown to be essentially independent of temperature
for PMMA. Similarly, monomer concentration in
the polymer particles, [ M], is observed to be con-
stant over a wide range of conditions.?***-32 Ballard
et al.®! used a value of 6.6 mol /L for PMMA latexes
in their work. Gardon? determined a value of 4.5
+ 0.1 mol/L for PnBMA latexes. Assuming Case II
Smith-Ewart kinetics, it follows that the determined
activation energies should be those for the respective
propagation constants. Typically, propagation con-
stant activation energies for MMA range from about
4.4 kcal /mol® to about 7.5 kcal /mol.* Lora et al.'®
report propagation constant activation energies for
MMA and nBMA as 5.45 kcal /mol and 4.87 kcal/
mol, respectively, which is about a factor of four less
than the determined values. Clearly, the observed
rates deviate from Smith-Ewart kinetics and it is
reasonable to conclude that n is not constant for
the polymerizations. Brodnyan et al.'” reported
similar deviations of n for the monomers studied
here and determined values of n < 0.5, using the
Stockmeyer analysis of Smith-Ewart kinetics. In the
present study, using values of k, for MMA deter-
mined by Lora et al.,'® 17 is found to exist in a range
from 0.3 at 30°C to 0.7 at 50°C.

At 50°C, the rates of polymerization, R,, are 8.4
X 107 mol/L-s and 8.2 X 10™* mol/L-s for MMA
and nBMA, respectively. During copolymerization
of MMA /nBMA, the measured rates did not differ
significantly from the rates of the homopolymers.
nBMA feed compositions, as little as 10% mole, were
observed to eliminate the “gel effect” of MMA. This
is probably due to decreases in polymer viscosity
because of the presence of nBMA.

Reactivity Ratio Determination

Emulsion copolymerizations of MMA /nBMA were
conducted over the entire range of monomer feed
compositions, according to the plan outlined in Ta-
ble IV. Copolymer compositions were determined
by 'H-NMR spectroscopy, from which a represen-
tative spectrum trace is shown in Figure 7. MMA
monomer has a singlet peak at approximately 6
= 3.8 ppm, corresponding to the methoxy of the ester
linkage. Similarly, n BMA monomer shows a triplet
peak at approximately § = 4.2 ppm, corresponding
to the ethyleneoxy of the ester linkage.?**® These
two distinguishing peaks are easily identified in the

spectrum shown in Figure 7 and for all other spectra
for the copolymers studied. The respective monomer
compositions of the copolymers were determined
from the integrated peak areas, according to the fol-
lowing equation,

2h
3h,
= 5
Ym 1+% (5)
3hy

where y,, is the mole fraction of methylmethacrylate
in the copolymer, h,, is the methoxy peak area, h,
is the ethyleneoxy peak area, and the factor % arises
from the ratio of protons of the specific identifying
groups.

The reactivity ratios of the monomers were de-
termined from the polymer NMR composition data,
according to the method of Fineman and Ross,* as
modified by Kelen and Tiidés.3” In the limit of low
conversion, copolymer composition is described by
the well known copolymer equation®® as

— 6
meq M2 r2M2 +M1 ( )

my (Ml)(rlMl + Mz)
where m,; and m, are concentrations of monomers
in the copolymer, M, and M, are the concentrations
of monomers MMA and nBMA, respectively, in the
feed, and r; = k1 / k12 and ry = kg / ks; are the mono-
mer reactivity ratios for MMA and nBMA, respec-

Table IV Batch Copolymerization Monomer
Feed Conditions

Total Moles
Latex MMA/nBMA MMA/nBMA per 100 mL

No Mole Ratio Mass Ratio water
135, 151 95/5 13.38 0.49
136, 152 90/10 6.34 0.48
137, 153 85/15 3.99 0.47
138, 154 80/20 2.82 0.46
139, 156 75/25 2.11 0.45
140, 158 70/30 1.64 0.44
141, 160 65/35 1.31 0.43
142, 161 60/40 1.06 0.43
143, 163 55/45 0.86 0.42
144, 164 50/50 0.70 0.41
145, 165 40/60 0.47 0.40
148, 166 30/70 0.30 0.38
147, 167 20/80 0.18 0.37
149, 168 10/90 0.08 0.36
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Figure 7 NMR spectrum trace for MMA /nBMA solution copolymer, polymerized at
70°C. Monomer molar feed ratio was 60/40 (MMA /nBMA).

tively. According to Fineman and Ross,* eq. (6)
can be linearized into either of the forms

G=nrnF—r

G 1
'F‘,=_"2F+rl (7

where G =x(y— 1)/y, F=x%/y, x = M,/M,, and
y = my/m,. Kelen and T{idos point out that egs.
(7) unequally emphasize data over the entire mono-
mer feed composition range. Specifically, data ob-
tained at the extreme monomer feed compositions
greatly influence the least-squares regression and,
therefore, influence the values of r, and r, obtained.
To reduce the monomer feed extrema influence on
the regression, they introduced a data dependent ar-
bitrary constant, a, and redefined egs. (7) as follows

= (o 2)e- ®
[24

wheren =G/(a+ F),{=F/(a+ F),Gand F are
defined as above. Given an appropriate choice of a,
the resultant values of £ are evenly distributed over
the interval (0, 1), much in the manner of the actual
monomer feed mass fraction compositions. Usually
« = 1 is satisfactory, provided that r; ~ r,. However,
an improvement is to choose

o= »FminFmax (9)

where F,, and F,,,;, are the extrema of the parameter
F, as defined previously.

Figure 8 shows the result of eq. (8) fitted to the
experimental data. The parameter, a, determined
for the data, had a value of 1.577, indicating the
resultant reactivities would not be identical and ry
< ry. The values of r; and r,, determined from the
least-squares regression, were 0.758 = 0.029 and
0.846 * 0.044, respectively. As shown by Figure 9,
these reactivities result in a slight deviation from
ideality. Since r; < ry < 1, resulting copolymers tend
to be random in nature and are slightly richer in
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Figure 8 Kelen and Tiidds representation of MMA /nBMA composition data for co-
polymers polymerized in emulsion (O), a = 1.577, and polymerized in solution (A), «
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nBMA during the early stages of polymerization,
provided that the feed mole fraction of MMA is
greater than about 0.4.

As a comparison, in a separate set of experiments,
the reactivity ratios of the monomers were deter-
mined from copolymers produced by solution po-
lymerization. Table V shows the recipe used for these
experiments. Solution volumes were about 25 mlL,
in which the molar content of monomers was kept
constant and the amount of initiator, with respect
to monomer content, was kept constant. Polymer-
izations were done at 70°C for times to yield ap-
proximately 5% conversion. The maximum conver-
sion obtained was 7.78%. Polymers were precipitated
twice with methanol were then dried to constant
weight in vacuum.

Figure 8 also shows the fit to eq. (8), which was
obtained for NMR composition data obtained for
the solution polymerized copolymers. The reactivity
ratios for these polymers were r; = 0.868 + 0.028
and ry = 0.931 + 0.037, in reasonably good agreement
with the values found for the emulsion copolymers.
Table VI compares the reactivity ratios determined
in the present work with values reported in the lit-
erature. Clearly there is disagreement between reac-
tivity ratios determined in this study and some of
the values reported in the literature. However, it is
notable that the determined reactivity ratios are
consistent with the published data presented, in that
ry < rp and riro =~ 1. This is as expected, according
to the @-e scheme of reactivity prediction.®® Due to
similar polarities of the monomers, the reactivities
should be close to unity for both monomers by that
prediction. Considering that the reactivities for
emulsion polymerization yield copolymer composi-
tions that are within 4% of the ideal values, and
other reported reactivities yield riry =~ 1, it seems
reasonable to conclude that the molar copolymer
composition is nearly equal to the molar feed com-
position.

Glass Transition Temperature

Figure 10 shows the glass transitions of the copol-
ymers produced from Table IV. The DSC measure-

Table V Solution Polymerization Recipe Used
for Reactivity Ratio Determination

Ingredient Quantity
Monomer 0.125 (mol/L Solution)
Benzoyl Peroxide 0.0625 (g/mol Monomer)
Toluene Variable

Table VI Emulsion Polymerization Recipe Used
for Kinetic Studies

rn re Media
0.758 + 0.029 0.846 + 0.044 Emulsion
0.868 + 0.028 0.931 = 0.037 Solution
0.79 £ 0.03 1.27 *0.05 Solution®
0.520 + 0.070 2.110 = 0.080 N.AP
0.991 1.007 Q—e

® Polymerized in bulk and benzene to 5% conversion at 60°C
with AIBN initiator.®
» Method unknown.*

ments showed single, narrow transitions, confirming
the randomness of the copolymers. The data are ob-
served to be linear with copolymer mass composition
and, therefore, they noticeably deviate from Fox’s
prediction,?® described by

1 wi Wy
—=—t+2 (10)
Tg Tgl Tg2

where w; and w, are the weight fractions of each
monomer in the copolymer and T,; and T, are the
absolute glass transition temperatures of the re-
spective homopolymers. Other models have been
proposed that attempt to predict glass transition ac-
cording to either thermal expansion contributions
of the constituents in the glassy and rubber phases, *°
or by the AA, BB, AB-BA diad contributions to the
transition temperature.**** The latter models de-
pend on knowledge of the AB-BA contribution to
the glass transition, T,ag, which is usually consid-
ered an adjustable parameter. In general, most of
these models yield more pronounced curves than
does the Fox relation. Gordon and Taylor,** pro-
posed the following

- wngl + k(l - wl)ng
& w1+k(1—w1)

(11)

where k is a constant for a given copolymer system,
usually described as a ratio of thermal expansion
coeflicients between the rubber and glass phases for
the respective homopolymers, (a, ogp) /(g
— Qg ), and the remaining parameters are as defined
previously for the Fox equation. For k = 1, eq. (11)
can be reduced to the following linear form.

Tg = wngl + LUQTgQ (12)

The parameter k for the MMA /nBMA monomer
pair was determined, by the nonlinear regression*®
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Figure 10 Comparison of experimental T,s of MMA/nBMA high molecular weight

copolymers with various predictions. (- ~) Fox, (- - +) Gordon-Taylor, and (

of eq. (11), to be 0.95 + 0.15. The regression yields
values for T,; and T, of 123.57 + 3.46°C and 23.28
+ 4.04°C, respectively, which is in excellent agree-
ment with the measured values. Equation (11) yields
T, values within +2.74°C of the observed values. By
comparison, eq. (12) yields T, values that are within
+2.70°C of the observed values. Considering this
insignificant discrepancy between values predicted
by egs. (11) and (12), combined with experimental
error, it seems reasonable to assume k =~ 1 and to
represent the T, of MMA /nBMA copolymers ac-
cording to eq. (12).

Chain Transfer

The chain transfer constant for the each of the cho-
sen materials was determined according to well-
known chain transfer theory,3? which states

) linear.

1\ (1) .. (8]
(fv) - (X—N) o (13)

where Xy and Xy, are the degrees of polymerization
with and without chain transfer, respectively, C; is
the chain transfer constant, and {S]/[M] is the
molar ratio of chain transfer agent to monomer.
Equation (13) is valid over the entire range of po-
lymerization, as long as the molar ratio [S]/[M] is
known. In practice, the conversion of the chain
transfer agent is difficult to follow. Therefore, overall
conversion of the system is kept low, which allows
the initial value of [S]/[M] to be used in eq. (13).
In this study, C, was determined in this manner with
conversion based on monomer kept to less than 10%.

Literature information discussing effective chain
transfer agents is sparse for MMA and is nonexis-
tent for nBMA. Many tabulated transfer agents

Table VII Physical Properties of Chain Transfer Agents Studied

Material Formula FwW 0, (g/cm®) b.p. (°C)
t-Dodecylmercaptan C.2HysSH 202.40 0.859 227-248
n-butyl-3-Mercaptopropionate HS(CH,),CO,CHy 162.25 1.01 101 (12 mm)
1s0-Octyl-3-Mercaptopropionate HS(CH,),CO,CgH;; 218.36 0.963 110 (1 mm)
Thiophenol CsH;SH 110.18 1.073 169
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Table VIII Solution Polymerization Recipe for
Chain Transfer Constant Determination

Ingredient Quantity (g)
Monomer 25.00
Toluene 25.00
Benzoyl Peroxide 0.125
Transfer Agent 0.1, 0.2, 0.4, 0.8*

* Quantity is molar ratio [S]/[M] based on monomer.

have low transfer constants, C,, many less than 0.01,
indicating limited effectiveness.*® Still others are too
effective and yield oligomers of only a few repeat
units in length when used.*” The transfer agents
studied here were chosen for their reported effec-
tiveness for molecular weight control in solution or
bulk polymerizations of MMA and other monomers.
Table VII lists the physical properties of the chain
transfer agents studied.

Solution polymerization was used initially to de-
termine the effectiveness of each transfer agent,
since this method requires substantially less setup
and presumably yields results in a relatively short
time that are comparable to emulsion polymeriza-
tion.? Table VIII shows the recipe used for these

experiments. Polymerizations were conducted at
70°C with slight agitation under a blanket of nitro-
gen. The polymer was precipitated with methanol,
was washed twice, and was then dried to constant
weight in vacuum at 70°C.

Figures 11 and 12 show the results of chain trans-
fer constant determinations of each transfer agent
for MMA and nBMA, respectively. Table IX lists
the results along with comparisons to literature val-
ues. The determined values are in fair agreement
with the literature values, with the exception of val-
ues reported by Sorokina et al.** for t-DDM in MMA
and by the Polymer Handbook for THP in MMA.
Sorokina et al.®® noted that the effectiveness of t-
DDM decreased rapidly with conversion. The reason
for this was unclear.

The transfer agent i-OMP was chosen as the pre-
ferred transfer agent, based on the previous results.
This material showed good effectiveness for MMA
and reasonable effectiveness for nBMA. Of the re-
maining transfer agents, thiophenol had the greatest
efficiency. Since C, > 1 for thiophenol, it would be
completely consumed before total conversion of
monomer, at which point the molecular weight
would begin to grow. To avoid this would require
the incremental addition of the transfer agent over
the course of the reaction to ensure molecular weight
control. This was undesirable. Furthermore, thio-

10 T T T T

1/%, (x10%)

[S1/IM] (x10%)

Figure 11 Effectiveness of various chain transfer agents on molecular weight control of
methylmethacrylate. Solution polymerized to low conversion in toluene at 70°C.
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Figure 12 Effectiveness of various chain transfer agents on molecular weight control of
n-butylmethacrylate. Solution polymerized to low conversion in toluene at 70°C.

phenol is highly toxic and requires special handling
precautions. The remaining transfer agents were less
effective, yielding C; < 0.6 for MMA. In contrast to
thiophenol, these materials would not be wholly
consumed during the polymerization, but would re-
quire greater starting concentrations to achieve

Table IX Summary of Chain Transfer Constants
Determined for MMA and nBMA
by Solution Polymerization

Transfer
Monomer Agent C, Reported

MMA t-DDM  0.112 + 0.014 0.13,° 0.62"
i-OMP  0.864 + 0.021 0.54°
n-BMP  0.543 + 0.038 0.68°
THP 4.396 + 0.130 2.8, 4.28,% 4.7°

nBMA t-DDM  0.110 + 0.005 N.A.
i-OMP 0472 + 0.042 N.A.
n-BMP  0.275 = 0.016 N.A.

® Solution polymerized to high conversion in toluene at 70°C
with AIBN initiator.5

b Bulk polymerized at 60°C with laury] peroxide initiator.®

;Solution polymerized in toluene at 60°C with AIBN initia-
tor.

4 Spontaneously polymerized in benzene 130°C.%

® Bulk polymerized at 45°C with AIBN initiator.%’

similar molecular weights. i-OMP is also preferred
because it has no noticeable odor. This feature is a
benefit because the polymer with residual transfer
agent is to be spray dried.

The chain transfer experiments were repeated for
i-OMP with both monomers in emulsion polymer-
ization using the standard recipe at 50°C. Monomer
conversion was followed gravimetrically and chain
transfer constants were determined from polymer
samples obtained at about 5% conversion. The ob-
served rates of polymerization were unaffected by
the presence of i-OMP in accordance with obser-
vations made by Smith.*® Furthermore, during po-
lymerizations with MMA, the addition of :-OMP
reduced or eliminated the “gel effect” because of the
lowering of polymer viscosity.

Generally, it has been proposed that C, should
not change from solution to emulsion polymeriza-
tion, provided that diffusion of the modifier is not
limiting.>* However, this was not the case for the
transfer agent studied. Figure 13 shows the transfer
constants determined for both MMA and nBMA.
There is a complete reversal in the effectiveness of
the transfer agent and repeated experiments only
confirmed this fact. The reason for this is unclear.
It is possible this discrepancy may arise from a com-
bination of two factors.



804 VAIL ET AL.

15 T 1 T T

12

1/X%y (x10%)

[S1/IM1 (x10°)

Figure 13 Effectiveness of i-OMP as chain transfer agent on emulsion homopolymeri-
zation of MMA and nBMA at ~5% conversion.

First, the high molecular weight of i-OMP may
impede diffusion through the continuous aqueous
phase to the locus of polymerization. Smith *® showed
a dependence of transfer agent molecular weight on
its effectiveness in the emulsion polymerization of
styrene. For normal mercaptans, the transfer con-
stant, C,, was shown to decrease dramatically as the
number of carbon atoms exceeded ten. Kolthoff and
Harris,* studying the effects of molecular structure,
showed similar results for the emulsion copolymer-
ization of butadiene—styrene. Kolthoff and Harris, *°
as well as Uraneck and Burleigh,? have indicated
a dependence of transfer agent effectiveness on the
mode and rate of agitation of the emulsion during
polymerization. In the present work, however, stir-
ring was found to have no influence on the effec-
tiveness of i-OMP.

Second, the method of particle nucleation may
play a role in the effectiveness of the transfer agent.
It has been shown that monomer solubility deter-
mines the locus of particle nucleation in emulsion
polymerization.?**? Slightly soluble monomers, such
as MMA (1.5% wt, 25-50°C),%® are observed to form
aqueous phase oligomers in the early stages of po-
lymerization and to precipitate into surfactant sta-
bilized micelles, subsequently forming monomer
swollen polymer particles in later stages of poly-
merization. In contrast, insoluble monomers, such

as nBMA (0.078% wt, 50°C),%" are observed to fol-
low the more accepted emulsion polymerization
mechanism, as defined by Smith—Ewart. If these ob-
servations are indeed true, then it is expected that
the transfer agent i-OMP, which is only sparingly
soluble in water, would have little effect on the mo-
lecular weight of PMMA in the early stages of the
polymerization. However, following particle nucle-
ation, it would be expected that chain transfer would
continue unhindered. Particle nucleation is generally
considered to be complete in the region of 10-30%
conversion, corresponding to the beginning of the
constant rate period of the conversion curve 19525455
In the present work, constant polymerization rates
were fully developed at about 10-15% conversion
for both MMA and nBMA. Figure 14 shows the
transfer constants obtained for both monomers from
polymer samples obtained at 20% conversion. The
transfer constant, obtained for the MMA system, is
seen to increase, suggesting that polymer growth has
transferred to a locus richer in transfer agent. Fur-
thermore, the transfer constant for nBMA is seen
to decrease. This is as expected, since C; > 1 at 5%
conversion results in rapid depletion of the transfer
agent before complete monomer conversion.

The effectiveness of i-OMP was studied for the
copolymerization of MMA /nBMA and was com-
pared to the overall transfer constant predicted by
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Figure 14 Effectiveness of i-OMP as chain transfer agent on emulsion homopolymeri-
zation of MMA and nBMA at ~20% conversion.

kinetic theory. Smith® showed that the overall
transfer constant, C, derived from the consumption
of both transfer agent and comonomers, could be
expressed as follows

d ln[S] _ Cs;rlxl + ngrgxg 2 =C (14)
dln(x; + x3) rixi+ 2x1x9 + rex3
where
ktrl ktr2
Cy = ; Ceo= 15
1 ki 2 Ka (15)

where the homopolymerization chain transfer con-
stants, x; and x,, are the mole fractions of the re-
spective monomers in the overall system, r, and r,
are the reactivity ratios as defined previously, and
C is the overall chain transfer constant. Smith ver-
ified eq. (14) in the emulsion polymerization of sty-
rene-methylmethacrylate, using reactivity ratios
determined in solution by arguing r; and r, should
not be different between emulsion and solution po-
lymerization, because the consumption of monomer
in emulsion was not diffusion controlled.

To avoid the difficulties of following transfer
agent conversion in order to evaluate the overall
transfer constant, C, from eq. (14), it was conve-
nient to determine C from an analogue to eq. (13).

The derivation of this analogue is similar to that of
eq. (13) and assumes the rate of copolymerization
is not diffusion controlled.®®®” The kinetic chain
length, 7, is defined as

(16)

<
il
|

where R, is the rate of copolymerization and R; is
the rate of radical initiation. From the propagation
steps, assuming equivalent cross propagation, the
rate of copolymerization, R,, is

_ka [M3]

lMl2
= g (M

+ 2[M;1[M.] + r;[M;]%)  (17)

At steady state, the rate of radical initiation is equal
to the rate of radical termination, R,. Assuming per-
sulfate initiation, this is defined as

R, = R; = 2ky[I]

ke kYs [M2]? | ke kie [M,]
=2[M']2(ku+———‘” + = : )
! ’ k%L, [M,}? ky  [M;]

kuykiz [M,]

+[SH][M11(km+ o L1

) (18)
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Figure 15 Comparison of effective chain transfer constant, C, for i-OMP to theory for
emulsion copolymerization of MMA /rnBMA. Molar feed ratio 75/25 (MMA/nBMA).

where the second term of the third equality is due
to termination by chain transfer. Substitution of egs.
(17) and (18) into eq. (16), combined with the def-
initions presented by Smith,® yields the analogous
form of eq. (13), which is

1\ _ (L) 4 (_Carm + Coroxe [SH]
{7 v/, \rmxi+2xx+ rxd) [M]+ [M,]

(19)

Equation (19) is subject to the same constraints in
overall conversion as prescribed for eq. (13).
Copolymerization with chain transfer was con-
ducted, as before, for the emulsion homopolymeri-
zation of the respective monomers, except that the
transfer agent molar content was based on the total
monomer molar content, according to the last term
on the right side of eq. (19). Figure 15 compares the
effective transfer constant determined for a copol-
ymer that had a molar feed ratio of 75/25 MMA/
nBMA to the value predicted by eq. (19), using r;
= 0.758, C,; = 0.396, r, = 0.846, C,, = 1.564, for 5%
conversion, and r; = 0.758, C,; = 0.967, r, = 0.846,
C,o = 0.637, at 20% conversion, determined for
emulsion polymerization in this work. Due to the
results presented above, which showed a dependence
of the transfer constant on conversion, the effective

transfer constant for copolymerization was deter-
mined at 5% and 20% conversion. The experimental
values determined are within 20% of the predicted
values for both levels of conversion. This agreement
is good, considering the complexity of the system
and the uncertainty of the determined constants.

Molecular Weight Effects

It is well known that polymer viscosity is a strong
function of molecular weight3® according to the re-
lation

n = KM;, (20)

where K is a function of temperature and the ex-
ponent a has a value 3.4 for nearly all polymers,
provided that the molecular weight is above some
critical value, W,.. Polymer melt flow properties are
inversely proportional to viscosity and, in the limit
of Newtonian flow, melt flow can be related to mo-
lecular weight using eq. (20). Combining this result
with eq. (13) leads to the following expression:

a ,[SH] a
s S o

1
MI =
(i
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Figure 16 Effect of chain transfer on melt flow index of PMMA and P (MMA-co-nBMA)
('75/25 mole fraction in feed), measured at 200°C and 0.52 MPa (75 psi).

where M.I is the melt flow index, My, is the mo-
lecular weight with no chain transfer, and K’ is a
new constant, which is a function the chain transfer
constant, C,. Since the term MyoK' > 1, eq. (21)
can be reduced to a form similar to eq. (20), as fol-
lows

[S] )"

MI = K{— (22)
([M ]

Figure 16 shows the results of melt flow index

measurements done on PMMA and P(MMA-co-

nBMA ) polymers, plotted according to eq. (22). The

fits are good and yield the following expressions:

3.2
M.I.pMMA = 100.7 X 106(ﬂ)

[M]

24
M.Ico,,,, = 941.4 X 103(%) (23)

These expressions provide a convenient means of
obtaining polymers with specified melt flow values,
based on feed conditions. Equation (23) has been
used with good success during scale-up of PMMA
to a 20 liter pilot plant and in laboratory experiments
with MMA /nBMA copolymers.

Changes in polymer molecular weight are ob-
served to affect polymer glass transition®® as follows

(24)

where Ty, is the glass transition for infinite molec-
ular weight, kr, is a constant, and My is the number
average molecular weight. Using eq. (13), eq. (24)
can be expressed conveniently in terms of the quan-
tity [S]/IM]. Figure 17 shows the results of glass
transition for PMMA and P(MMA-co-nBMA)
polymers, plotted according to a modified eq. (24).
The equation fits are linear and are expressed as

T, - 307.8 — 2420.6( 101
gPMMA B . [M]
~ _ [S]

Ty = 363.4 1359.4(-—[ M ) (25)

The apparent effect of molecular weight on the
glass transition of PMMA is pronounced. The glass
transition temperature of a 30 g/10 min melt flow
PMMA ([S]/[M] = 9.8 X 107%) is about 100°C,
nearly a 20°C drop in T, relative to the high mo-
lecular weight limit. The 7, depression is not as pro-
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Figure 17 Effect of chain transfer on the glass transition of PMMA and P(MMA-co-

nBMA) (75/25 mole fraction in feed).

nounced for the copolymer shown. However, since
polymer melt flow and glass transition temperature
are important quantities with respect to powder
coating conditions and SLS processing conditions,
the ability to predict these quantities for tailored
MMA /nBMA copolymers, using the above equa-
tions, is an important tool.

Binder Performance

Figure 18 shows 3-point bend green strengths of 3
in. X 1in. X } in. test specimens made from PMMA-
coated (20% vol, 8.56% wt) silicon carbide using
SLS.*® The data show the development of bend
strength with increasing laser power density, Ay, a
parameter characteristic of SLS that is derived from
scanning and part geometries.®’ As indicated by Fig-
ure 18, green strengths near 200 psi are obtainable,
yielding objects that can be easily handled.
Preliminary work with an 80/20 MMA /nBMA
molar feed ratio copolymer binder indicates similar
strength results to the PMMA binder discussed
above. Figure 19 shows 3-point bend strengths of a
series of 80/20 copolymers with varying molecular
weights as compared to strengths of a PMMA binder

and two commercial latex polymers. The commercial
latex polymers were UCAR-430, a styrene-meth-
ylmethacrylate-butylacrylate-methacrylic acid co-
polymer supplied by Union Carbide Corporation,
and CR763, a styrene—-ethylacrylate copolymer sup-
plied by B.F. Goodrich, Inc. UCAR-430 was used in
early studies at The University of Texas.! CR763 is
a binder currently being evaluated by DTM Cor-
poration. The bulk polymer specimens were 4 in.
X 1 in. X } in. samples cut from a compression
molded sheet. The composite specimens were pro-
duced from a mixture of spray dried polymer powder
(22.4% vol, 11.2% wt) with a spherical soda-lime
glass (A-3000 Potters Industries, Inc., D, = 24.0
um). The mixture was placed in an aluminum die
containing six specimen cavities 3 in. X 1 in. X }
in. and was baked at 175°C for § h.

Figure 19 clearly shows the influence of molecular
weight on the strength properties of both the bulk
polymers and the composite materials. As the mo-
lecular weight decreases, the bulk strength of the
polymer remains essentially constant to a certain
point, then drops rapidly with further decreases in
molecular weight. In contrast, the strength of the
composite materials are seen to increase dramati-
cally to a plateau value with decreases in molecular
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Figure 18 Strength development of selective laser sintered PMMA coated silicon carbide
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Figure 20 Thermal gravimetric analysis trace of an 80/20 MMA /nBMA molar feed
copolymer having melt flow index of 6.5 g/10 min. Heating rate 10.0°C /min, N, atmosphere.

weight. This result emphasizes the role of polymer
molecular weight in wetting of powder substrates
and promoting the development of good polymer to
solid adhesion. Figure 19 provides the impetus for
the copolymer research presented here.

Thermal decomposition analysis of the polymer
systems developed here indicate the polymer to de-
compose fully in a nonoxidizing environment. Figure
20 shows a thermal gravimetric analysis (TGA)
trace of an 80/20 MMA /nBMA copolymer, having
a melt flow of 6.5 g/10 min at 200°C and 0.52 MPa
(75 psi). The polymer sample was prepared by
drying a portion of latex in air at 75°C to constant
weight, producing fine granules. The analysis indi-
cates that at about 450°C, approximately 0.49 wt %
of the pure polymer system remains. This amount
of residue is not significant considering that the
polymer binder comprises less than 10 wt % of a
typical material system used for SLS. However, since
emulsifier and initiator are still present in the dried
polymer sample, the decomposition products of these
materials must be considered as part of the polymer
ash. TGA analysis of sodium dodecyl sulfate and
potassium persulfate were conducted at conditions
identical to that of Figure 20. At 450°C SDS shows
approximately 25 wt % residue and, similarly, the
initiator shows about 55 wt % residue. A mass bal-

ance of the system indicates the polymer sample ash
to be mostly emulsifier and initiator decomposition
byproducts.

CONCLUSIONS

A method of producing low molecular weight
poly (methylmethacrylate) and poly (methylmeth-
acrylate- co-n-butylmethacrylate) emulsion poly-
mers has been developed. The polymers developed
have been characterized kinetically with respect to
reaction rates, reactivity ratios of the respective
monomers, and the influence of chain transfer. Fur-
thermore, the physical properties of the polymers
developed have been characterized with respect to
molecular weight dependence of chain transfer, and
molecular weight dependence on glass transition
temperature. The comonomers studied yield a nearly
ideal copolymer system of random composition. The
glass transition of P(MMA-co-nBMA) copolymers
are linearly related to the homopolymer glass
transitions and comonomer mass fraction content.
The ability to obtain polymers with predictable
melt flows and glass transition temperatures has
been useful in the development and evaluation of
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polymer-coated materials used in selective laser
sintering.

The polymers developed here have been shown
to be effective fugitive binders for the manufacture
of SLS green parts from a variety ceramic and metal
materials. Acceptably strong green shapes, using low
binder volume contents, have been produced from
several ceramic systems, including glass,%' alu-
mina,® silica~zircon,® and silicon carbide.*® Metal
systems, including iron and copper, 2 are also show-
ing similar success with these binders. Furthermore,
during subsequent postfiring of these metal systems,
the binder has been shown to be fully decomposing,
leaving insignificant carbon residue.

Partial support for this research by the Advanced Research
Projects Agency /ONR, Grant #0001492J1394, is gratefully
acknowledged. DTM Corporation made available the SLS
Model 125 workstation for these studies. Appreciation is
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