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Mechanical and Thermal Properties of Glass
Reinforced Composites

V. J. Toplosky, S. B. Betts

Abstract—In our Pulsed Field Facility, we use epoxy fillers to
create smooth, strong winding transitions between layers of coils
in our consumable pulsed magnets. For structural support, we
often use materials like G10, a high-pressure fiberglass laminate
consisting of multiple glass layer cloths soaked in epoxy. In lig-
uid nitrogen, such materials have good mechanical and dielectric
strength. To accommodate gaps at transitions, epoxy fillers typi-
cally have complex shapes, which render their fabrication expen-
sive and time-consuming. In addition, the machining of epoxies
like G10 can be hazardous. In this study, we replaced machining
with 3D printing, using thermo-plastic, strengthened by glass fiber,
as the raw material. Polyether Ether Ketone (PEEK) material as
well as nylon material were used as the matrix. The strengthening
components were chopped E-glass fibers or beads. We found that
3D printing can significantly reduce manufacturing cost for our
magnets. Because our magnets must operate between 77 K and
295 K, we measured mechanical and thermal properties for both
the nylon and the PEEK composites at both temperatures. The
measured direction of the samples was parallel to the printing
direction. The measured maximum compressive strength was about
258 MPa. Although the strength is lower than G10, the techniques
we developed in this study would apply to 3D printing technology
for various cryogenic applications like winding transition or exper-
imental probes that are not exposed to very high stress in high field
magnets.

Index Terms—Cryogenic, mechanical strength, polymers, pulsed
magnets, thermal contraction.

I. INTRODUCTION

HE magnets used at the Pulsed Field Facility at the National

High Magnetic Field Laboratory (NHMFL) have a finite
lifetime. Coils are replaced as needed. The current design uses
fillers made of G10 CRyogenic (G10 CR, a high-pressure fiber-
glass laminate) to act as spacers to guide the magnet conductor
wires through the layers of winding and the transitions between
them [1]-[2]. G10 performs well; it has excellent compressive
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Fig. 1. Image showing a typical transition portion of the G10 filler/spacer
and conductor turn. The locations of the G10 filler and conductor are complex
(consisting of many different and connected parts.).

strength (>600 MPa at 77 K) and good thermal properties in
the liquid nitrogen that is used to cool the magnet down during
operation [3]. G10 CR, however, has long manufacturing lead
times because it is difficult and hazardous to machine using
conventional methods [4]-[5].

When fillers require complex geometry, as in transitions be-
tween winding layers, they must be machined before installation
(Figs. 1 and 2). This machining is responsible for one of the
major costs of pulsed magnet construction. To reduce costs,
we explored the possibility of using 3D printing technology
to manufacture fillers. We tested two thermoplastic candidates
as raw materials: glass-filled PolyEther Ether Ketone (PEEK)
and glass-filled nylon— both of which are suitable for 3-D
printing.

Compressive strength is essential for pulsed magnet appli-
cations because fillers undergo large compressive loads dur-
ing magnet operation. Hence, we performed mechanical tests
(tensile and compression) on both materials. We also used
dilatometry to measure the thermal expansion coefficient on both
materials because low thermal expansion can lead to loose fits,
and large thermal expansion can lead to cracking of the filler
structure.
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Fig. 2.
National High Magnetic Field Laboratory. A pen and a centimeter bar in the
image show the size of the fillers. The arrows point to the locations with complex
shapes. (a) Fillers made of G10. (b) Fillers made of PEEK.

Two examples of complex shaped fillers for pulsed magnets for

II. EXPERIMENTAL METHODS
A. Materials

We acquired both compressive (cylindrical) and tensile (rect-
angular) samples of glass-filled nylon (PA 3200 GF) and
PEEK-+GF20 composites, each reinforced with about 20% glass
particles.

Using their Selective Laser Sintering (SLS) printer, 3D Sys-
tems Corp. produced PA 3200 samples based on nylon 12
(formula [ [(CH3)11;CNH]y1) [6]. SLS is a powder-based 3D
printing technology. It uses a laser to fuse material layers into
a final part by tracing the pattern of each cross section of a 3D
design onto a bed of powder. After one layer is built, the build
platform is lowered, and another layer is built on top of the
previous layer. This process continues until the part is complete.
For the GF nylon samples, glass-fiber microbeads were blended
into the base powder materials [7].

3DXtech Corp. made our PEEK+GF20 samples (formula
C19H14F20) using a Fused Deposition Modeling (FDM) 3D
printing system with glass microfibers mixed into a polymer
filament wound around a spool. This material was “knitted,”
layer by layer, into the shape of the part.

B. Mechanical Testing

Both the compressive and tensile tests were performed on a
100 kN MTS servo-hydraulic test system. Tests were performed
at room temperature (295 K) and liquid nitrogen (77 K).

For the compressive tests, five samples were tested for each
temperature condition. The 12.7 mm diameter by 25 mm long
samples were compressed at a rate of 0.5 mm/sec until fail-
ure (Fig. 3(a)). Testing was performed as per ASTM standard
D695 [8].

Tensile test samples were machined to a gage length of 25 mm
and rectangular cross-section of 3 x 6 mm? from 6.5 x 13 mm?
cross-section bar. The samples were loaded in displacement
control mode at a rate of 0.5 mm/sec until failure. A 25 mm clip-
on extensometer was used to record sample strain (Fig. 3(b)).
Three samples were conducted for each temperature. Testing
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(b)

Fig. 3. Typical set up of mechanical testing of composites. The test rigs can
be immersed in a liquid nitrogen dewar for testing at 77 K. (a) Compressive test
rig. The white rod in the middle is a compressive test sample. (b) Tensile tests
rig. The metal plates at the top and bottom of the image are grips that work at
cryogenic temperatures.

Rigifer thermal éXpans
measurement

W

Fig. 4. Fixture of thermal contraction measurements. The fixture can be
immersed in liquid nitrogen or helium.

was conducted as per ASTM standard D638 [9]. From the
measured stress-strain curves, both ultimate tensile strength (TS)
and 0.2% offset engineering flow stress (YS = Yield Strength)
are calculated.

C. Thermal Testing

Thermal expansion measurements were performed on a
dilatometer composed of a quartz tube specimen holder, a
counterweighted quartz pushrod that makes light contact with
the specimen and a fiber optic displacement sensor tracking
movement of the pushrod. The specimen was submerged in
liquid helium (4.2 K) and naturally warmed to room temperature
(Fig. 4). Three samples were tested for each material and testing
followed ASTM Standard D696 [10].

D. Microstructure Examination

Both the PEEK and nylon rods were sectioned laterally and
hot-mounted (at about 423 K) in a Bakelite cylindrical puck with
a 25 mm diameter. The samples were wet ground with 500 and
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Fig.5. Compressive stress vs. specimen displacement of the two composites.

The thick and thin solid curves are from data collected at 295 and 77 K,
respectively. The curves with and without arrows are from data for nylon and
PEEK, respectively. An inset shows fractured compression samples tested at
room temperature. The tested sample shows a typical 45-degree shear failure.

TABLE I
TENSILE TEST RESULTS-NYLON

Yield Tensile Elong. (%)
Temp (K) Nz(()}(gl;;ls Strength Strength 25 mm GL
(MPa) (MPa)
295 2.8 22 31 6.2
77 7.8 92 95 1.4

800 grit SiC paper. The samples were then polished with 9 and
3 pm polycrystalline diamond solutions. A final polish of 0.04
pm alumina particles in a slurry of approximately 9 pH was
used on a vibrator polisher. Glass particles tended to break off
and pull out yielding some additional scratches on the polished
surface. The samples were then analyzed using a laser confocal
microscope (Olympus LEXT OLS3000).

III. RESULTS
A. Uniaxial Mechanical Strength and Elongation

At room temperature and under compression, typical com-
pressive strength/displacement curves showed that the PEEK
matrix composites were stronger than the nylon matrix com-
posites. The deformation behavior of PEEK appeared similar to
data from other researchers [11]—[12]. Both materials exhibited
softening at larger strain values, PEEK significantly more than
nylon (Fig. 5). We observed shear failure in both composites,
indicating large plastic deformation (Fig. 5 inset).

At 77 K, the strength values of nylon increased by 300%,
surpassing those of PEEK, which increased much less. Samples
from both composites showed embrittlement at failure.

At room temperature and under tension, typical stress -strain
curves showed that PEEK was stronger than nylon (Fig. 6). At
77 K, even though nylon demonstrated a significant strength
increase, the PEEK matrix composite still showed higher me-
chanical strength than nylon (Tables I and II). We believe that
differences between the two composites tested at two different
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Fig. 6.  Stress-strain curves of the two composites tested at 295 (thin curves)
and 77 K (thick curves). The curves with an arrow are from nylon. The curves
without arrow are from PEEK. An inset shows the fractured surface of both
composites.

TABLE I
TENSILE TEST RESULTS-PEEK

Yield Tensile Elong. (%)
Temp (K) NEOG(}?;;IS Strength Strength 25 mm GL
(MPa) (MPa)
295 4.2 52 68 3.0
77 5.5 92 114 2.7
TABLE III
LINEAR THERMAL EXPANSION COEFFICIENTS
Coeff. a b c d e
Nylon  -1.351  4.116x10* 1.571x10° -5.850x10°  3.883x107"?
PEEK  -0.5047 2.770x10* 1.256x10° -4.592x10°  6.789x10'?

temperatures resulted from the rigidity of the molecular chain
and the distribution of the strengthening component. Fractural
surface images of nylon and PEEK showed flat and rigged
features, respectively, indicating fiber strengthened composite
had more fractured area than that strengthened by beads (inset
in Fig. 6).

B. Thermal Contraction

When we measured thermal expansion for both composites,
we found that the thermal contraction of nylon was almost three
times of that of PEEK—a value of —1.2% for nylon compared to
—0.43% for PEEK at 77 K (Fig. 7). The thermal expansion G10
CR has a thermal expansion between these two composites [13].
We found that the signs for two composites were the same for the
coefficients in an equation a+bT+cT?+dT3+dT* to describe
the thermal expansion (Table III).

C. Distribution of Glass Particles

Cross-sectional images showed that the volume fraction of
reinforcement particles in both composites was close to 20 vol %,
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Fig. 7. Thermal expansion between 295 and 4.2 K. The curve with an arrow
is from nylon and the one without arrow is from PEEK. The dashed line is from
G10 from published results from others for comparison.

Fig. 8.
The measured volume fraction is 19.1% in nylon and 20.4% in PEEK. The
measured median diameter of the circular cross section of the particles in the
nylon matrix is 49 pm, which is greater than fibers measured for PEEK (20 pm).

Cross-section images of nylon (a) and PEEK (b) matrix composites.

with the value for PEEK marginally larger (Fig. 8). The volume
fraction values were analyzed by binarizing and analyzing the
images. These particles appeared to be more homogeneously
distributed in PEEK than in nylon.

Larger magnification images revealed both the distribution
and the particle diameters of glass particles. The average diame-
ter of the particles in nylon was roughly twice that of the particles
in PEEK. In both composites, all particles were smaller than 50
pm (Fig. 8).

IV. DISCUSSION

At room temperature, we observed softening of both com-
posites in compression. We observed no softening during the
tensile tests — the failure was noticeably brittle. In metals or
metal-metal composites, softening is attributed to dynamic re-
covery [14]-[23]. The softening in current work is attributed
to the buckling of the strengthening components accompanied
by significant shearing of the composite during compression
tests and not in tension. The bucking and shearing difference
can be related to the diameter and shape of the strengthening
components. PEEK was strengthened by short fiber with smaller
diameter and finer spacing, whereas nylon was strengthened
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by beads with larger diameter and coarse spacing. Buckling of
strengthening component occurred mainly in PEEK. It appears
that cryogenic temperature led to stiffer material properties, sim-
ilar to what we observed in metallic structural materials for mag-
nets [24]-[30]. Hence, no softening was observed in the 77 K
tests.

Although cryogenic temperature led to higher mechanical
strength, it reduced ductility in both composites. This change of
the properties may be related to the reaction of polymer chains
to reduced temperatures. At 77 K, the mobility of the polymer
chains was reduced, and the polymer chains were more rigid
[31]-[40]. Our experimental data on modulus indicated that the
rigidity increase was higher for nylon than PEEK. Therefore, al-
though at room temperature nylon composite samples had lower
yield strength and compressive strength than those of PEEK, at
77 K they reached same yield strength as those of PEEK and
even higher compressive strength than those of PEEK.

The property data indicated that the materials showed much
higher ultimate mechanical strength at compression than ten-
sion. This indicates that for magnet applications, these com-
posites should be avoided if exposed to too much tensile
loading.

The strength values of 3D-printed composites were lower than
those of G10 CR and significantly lower than Zylon strengthened
composites [3], [41], [42]. The difference was attributed to
the volume fraction and geometry of the strengthening com-
ponents, and the voids formed during the 3D-printing. The
voids, which impacted more on tensile strength than compres-
sive strength, also caused that the tensile strength values of
our 3D-printed materials weaker than those of bulk nylon (84
MPa) and PEEK (137 MPa). Although the glass particles were
included for strengthening of the composites, the imperfection of
the interface between the matrix and strengthening components
led to generation of voids. Wetting between glass and matrix
needs to be considered for making such composites in future
work.

Most polymer-based composites show anisotropic properties
[42]. This is particularly true for thermal expansion. We are
planning experiments on characterize our composites in other
orientations.

V. CONCLUSION

Both of our glass-particle-strengthened, 3D-printed
samples—one of nylon and the other of PEEK-showed
good compressive strength. Nylon, which was strengthened by
larger diameter beads, showed higher compressive strength at
77 K and higher thermal expansion at cryogenic temperatures.
PEEK, which was strengthened by chopped fibers, showed
higher tensile strength at 77 K. We attributed these differences
to differences in matrix stiffness and particle distributions.
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