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 Additive manufacturing (AM) of is not a new idea when it comes to composite 

manufacturing. Additive manufacturing of thermoplastic carbon fiber reinforced composites has 

been researched for some years [6]. The AM process utilizes essentially the same setup as a 

traditional desktop polymer 3D printer that can be purchased for home use. Figure 1 shows a 

diagram of a nozzle system that is used in the printing of CF-PMCs with a thermoplastic matrix.   

 

 

Figure 1. A system that prints composite parts with a thermoplastic matrix material. 

The process shown in Figure 1 is essentially the same process as that used in a desktop polymer 

3D printer except for the added carbon fiber extruder perpendicular to the polymer filament. 

Simultaneously, a polymer filament and a carbon fiber are drawn together in a heater, then 

extruded through a nozzle. This combination is then deposited onto a heated table where the 

polymer solidifies, and the nozzle is moved across the table in order to achieve the desired part 

geometry [7]. 

Parts manufactured using thermoplastic matrix composites have lesser mechanical 

properties than the thermoset matrix composites. Up to now, thermoset resins had not been 

considered for use in additive manufacturing. Thermoset resins are liquid before they cure, and 
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curing takes time. If a thermoset resin were extruded using the setup shown in Figure 1, the 

process would fail. Liquid resin would spill everywhere, and a structurally useful composite part 

would not be made. To overcome this hurdle, Continuous Composites® have developed a 

proprietary resin system that cures instantly when exposed to UV radiation. This innovation 

allows the fiber to be continuously impregnated and extruded, and cured right on the print bed as 

the nozzle passes. Figure 2 is a diagram of the system utilized by Continuous Composites® to 

additively manufacture polymer matrix composites (AM-PMCs). 

 

 

Figure 2. The print system used by Continuous Composites® 

As seen in Figure 2, dry fiber is drawn through a resin reservoir, impregnating it with resin. Wet 

fiber is spooled onto a compaction roller, and instantly, or “snap”, cured by a UV radiation 

source. While the UV curing is not a complete curing, it is just enough to keep the part geometry 

rigid. The printed part still needs to go into an oven for the curing to be finished off thermally. 

This process is altogether different from autoclave curing. The finished part is simply placed in a 

basic industrial oven, not an autoclave. Pressure does not need to be controlled, and vacuum bags 

are not required. It is much less costly to operate a simple oven rather than a sensitive autoclave.  



 

28 
 

 The potential advantages of this method are many. This process gives engineers the 

ability to design much more freely. With autoclave molding, designers are limited to geometries 

achievable by stacking 2D plies on top of one another. With additive manufacturing, that is not 

the case. New, varied, and complex geometries can be produced that could not be produced using 

traditional methods. There is virtually no lead time when producing parts. The only bottleneck is 

the number of printers the manufacturer owns. The iterative design process can occur much more 

rapidly, as small design tweaks do not require an entirely new tool to be produced. Material 

waste is kept to a minimum, as production can smoothly scale with demand. If demand drops, 

the manufacturer can simply slow the production of parts without worrying about prepreg 

expiring.  

 Before all of these potential benefits can be realized, however, much work needs to be 

done investigating the mechanical properties and performance of the composite fabricated via 

this novel method. This is an entirely new material system produced via an entirely new 

production method. It is unknown how the new, proprietary resin system as well as the new 

production method will affect the mechanical behavior of this material.  

2.5 Mechanical Behavior of Polymer Matrix Composites 

 This effort aims to characterize the basic mechanical properties and tension-tension 

fatigue behavior of this novel AM-PMC with the [0/90] and [±45] fiber orientations at 23 °C and 

150 °C.  

 2.5.1 Tensile Behavior 

 Monotonic tension test to failure is the most fundamental experiment that must be 

performed when a new structural material is introduced. Critical data obtained in a tensile test is 

used to generate basic tensile properties, such as elastic modulus and ultimate tensile strength 
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and a tensile stress-strain curve. Figure 3 shows a representative stress-strain curve for a 0/90 

polymer matrix composite, as well the stress-strain curves for its separate phases [8]. As can be 

seen from Figure 3, each phase behaves differently, and the composite response lies somewhere 

between the responses of its phases.  

 

Figure 3. A representative stress strain curve for a polymer matrix composite and its separate 
phases [8]. 

A stress-strain curve plots the engineering stress (σ) vs. the engineering strain (ε). A stress-strain 

plot can also be used to determine the modulus of elasticity (E) of the tested material. The 

modulus of elasticity is a measure of the stiffness of a material, and is defined as the slope of the 

linear portion of the stress-strain curve. Another fundamental property that can be determined 

from a stress-strain curve is ultimate tensile strength (UTS), defined as the highest stress reached 

during a tensile test.  

 2.5.2 Fatigue Behavior 

 Once the UTS of a material has been determined, fatigue testing can commence. Fatigue 

testing involves cyclically loading and unloading a test specimen and recording the number of 
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cycles to failure. The UTS must be known in order to decide on the maximum fatigue stress 

levels and to develop the fatigue test matrix. This research effort explored tension-tension fatigue 

performance of the AM composite. Hence cyclic fatigue tests were performed with the R (ratio 

of minimum to maximum stress) of 0.1. Once a series of cyclic fatigue tests with various levels 

of maximum stress is completed, the data is presented as a maximum stress vs. cycles to failure 

(S-N) curve.  A schematic depicting typical S-N fatigue curves is shown in Figure 4 [8], where 

the maximum stress in cycle is plotted vs. the number of cycles to failure. 

 

Figure 4. A notional S-N curve [8]. 

An endurance limit seen in Figure 4 is a horizontal asymptote of an S-N curve. By definition, the 

material will not fail if cycled with the maximum stress at or below the endurance limit.  

 2.5.3 Temperature Effects 

 Temperature affects both the tensile properties and the fatigue behavior of a polymer 

matrix composite. Elevated temperature can soften the matrix, as well as the fibers, although to a 

lesser extent. This softening of the material will tend to “shift” the S-N curve. Figure 5, where 
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strain is plotted vs. cycles to failure, displays the general effects of softening or stiffening of the 

components of a composite upon the S-N curve [9]. 

 

 

Figure 5. A schematic showing the effects of the stiffness of the phases of a polymer matrix 
composite on the shift of the composite’s S-N curve. 

Because elevated temperature softens both the matrix and the fibers, it is expected that an S-N 

curve generated for a composite will shift down and to the left, resulting in a lower fatigue life. 

2.6 Previous Research 

 2.6.1 Additively Manufactured Polymer Matrix Composites  

 This additively manufactured material system is aiming and replace the standard 

commercial off the shelf carbon fiber reinforced composite parts. At present, the mechanical 

behavior of the traditionally manufactured carbon fiber composites (TM-PMCs) is well 

documented and understood. Even after more than 70 years of researching and using structural 

PMCs, fabrication cost is the largest barrier to their widespread insertion into structural 

applications. When 3D printing became a mainstream topic of research, it did not take long for 

composites researches to use the new technology. The first efforts at printing fiber reinforced 
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composites used thermoplastic matrix materials. Such printing is called fused filament 

fabrication [10]. In a study that investigated the use of such a manufacturing method, Tekinalp et 

al. were able to make thermoplastic parts with considerably high tensile strength and elastic 

modulus, ranging from 30-65 MPa UTS and 2-14 GPa elastic modulus as fiber loading increased 

from 0 to 40% [11]. 

The matrix material represented in this studyis ABS - a polymer made with three different 

monomers: acrylonitrile, butadiene, and styrene. Whereas the strength of the ABS-matrix 

composites can be enhanced by adding more carbon fibers, their thermal performance will still 

be lacking. The ABS resin has a low glass transition temperature of 105 °C. A glass transition 

temperature is the temperature at which long-range motion of polymer chains is no longer 

inhibited by the natural entanglement of the polymer chains. At the glass transition temperature, 

the polymer has not melted, but it is no longer capable of carrying any useful load for structural 

purposes. 

 Thermosetting polymers have a much better high-temperature performance than the 

thermoplastic polymers. That is why the thermosetting resins are the matrix material of choice 

for the vast majority of the PMCs. To address the behaviors specific to thermosets, researchers 

were seeking ways to make a liquid resin harden instantaneously, yet in a controlled manner, 

after leaving the print head. Such procedures were termed “out of autoclave” curing procedures. 

One recently proposed method is called “frontal polymerization”. This method involves a self-

propagating exothermic reaction wave that transforms liquid monomers into solid polymer 

instantaneously as it is being printed [12]. The heat generated by the curing process itself is fuel 

for the curing process to continue. These resins must be very specific, however. Continuous 

Composites proposed to use UV photocuring. In 2016, a group of researchers developed and 
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tested a photocured resin, then fabricated test specimens using this resin. The unidirectional 

composite specimens were also fabricated using the photocured resin. The neat resin (unfilled) 

specimens and the unidirectional composite specimens were tested in tension to failure at room 

temperature [13]. Tensile properties obtained in these tests are summarized in Table 2.  

Table 2: Average values (±standard deviation) of elastic modulus, maximum tensile strength and 
elongation at break for unfilled (B33 and B50) and fiber-reinforced (B33G5 and B50C5) 

composite materials. The mechanical properties of CFR composites containing sized 

Property B33 B50 B33G5 B50C5 B50C5-S 
Elastic modulus E’ 

(GPa) 
2.6±0.7 2.7±0.4 3.5±0.3 3.9±0.9 4.4±0.9 

Maximum tensile 
strength (MPa) 

35.1±8.9 16.0±2.9 41.7±5.1 30.6±5.9 33.8±4.9 

Elongation at 
break (%) 

1.8±0.7 0.6±0.2 1.6±0.1 0.9±0.2 1.0±0.2 

 

These results were the first of their kind at the time. This material was very far from being usable 

in a structural application, but was novel in its use of a thermosetting resin. This resin is the 

precursor to the material that Continuous Composites has developed.  

 

 

 

 

 



 

34 
 

III. Materials and Test Specimens 

3.1 Novel Additivity Manufactured Polymer Matrix Composite 

 The material of investigation for this research effort is a novel additively manufactured 

polymer matrix composite (AM-PMC) developed and fabricated by Continuous Composites®. 

The reinforcing carbon fibers were T1100 fibers produced by Toray®. The resin system utilized 

by Continuous Composites® is a proprietary acrylic-based system produced by Sartomer®. This 

resin cures instantly when exposed to UV radiation. Due to the proprietary nature of the resin, 

only limited information is available regarding the resin composition (Table 3). 

Table 3: Safety data sheet of the resin used in the research material [14]. 

Chemical Name CAS-No. GHS Classification 
Acrylic Ester Proprietary H317, H411 

Trifunctional acrylate 
monomer 

Proprietary H318, H317, H412 

Tricyclodecane dimethanol 
dimethacrylate 

43048-08-4 H317, H411 

Peroxyesters Proprietary H242, H332, H315, H317, 
H400, H412 

Phenyl bis(2, 4, 6-
trimethylbenzoyl)- phosphine 

oxide 

162881-26-7 H317, H413 

 

Three composite panels were supplied for this effort. Two panels had the 0/90 fiber 

orientation, while one panel had the ±45 fiber orientation. Panel information provided by 

Continuous Composites® is summarized in Table 4 [14]. 
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Table 4: Composite panel data provided by the manufacturer [14]. 

Quantity Description Fiber Resin Targeted 
Fiber 

Volume 
Fraction 

Targeted 
Void 

Volume 
Fraction 

2 (0/90) – 1’ x 
1’ x 2.5 mm 

T1100 – 12K GF2.4 40% <2% 

1 ±45 – 1’ x 1’ 
x 2.5 mm 

T1100 – 12K GF2.4 40% <2% 

 

3.2 Specimen Geometry 

 Standard dogbone-shaped tensile specimens (Figure 6) were used in all tests. This 

specimen geometry ensures that failure occurs within the specimen gauge section. 

 

Figure 6. Standard dogbone-shaped tensile specimen. 

3.3 Specimen Preparation 

 Specimens were cut from the as-received panels by the AFIT Model and Fabrication 

Shop via diamond grinding. Three panels were supplied for this research effort. The panels were 

labeled 306, 313, and 314. Panels 306 and 313 had the 0/90 fiber orientation, and panel 314 had 

the ±45 fiber orientation. In total 56 specimens were cut from the three panels. Table 5 shows 

specimen count and labeling convention for each panel.  
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Table 5: General Specimen Information 

Panel No. Fiber 
Orientation 

Example 
Specimen Label 

Number of Specimens 

306 0/90 306-1 19 
313 0/90 313-1 19 
314 ±45 314-1 18 

 

The dimensions of the specimens were measured using Mitutoyo Absolute Solar Digimatic 

Caliper, Model N0. CD-S6-CT. Gauge section width and thickness were measured in order to 

determine the cross-sectional area of each specimen. Table 6 presents average specimen 

thickness, width and cross-sectional area for each composite panel. 

Table 6: A summary of the measurements of each specimen from each panel. 

Panel No. Average 
Specimen 

Width (mm) 

Average 
Specimen 

Thickness (mm) 

Average Specimen Cross 
Sectional Area (mm2) 

306 7.651 2.622 20.063 
313 7.638 2.619 20.013 
314 7.685 2.581 19.836 

 

 Each specimen was washed using household soap and water to remove any contaminants 

left over from the machining process. Washed specimens were first dried with paper towel, then 

dried in a vacuum oven at 80 °C at a pressure of 4 in Hg to expel the absorbed moisture. Three 

specimens from each panel were taken out and weighed periodically using a Mettler Toledo 

balance accurate to ±0.9 mg. Figure 7 shows average percent weight loss vs. time for each 

composite panel. Once the weight loss approached the asymptotic solution, the specimens were 

considered dry and ready for testing. The specimens were removed from the oven and stored at 
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room temperature in a desiccator maintained at ~15% relative humidity in order to minimize 

moisture reabsorption from laboratory air. 

 

Figure 7. Average percent weight loss vs. time for each composite panel. 

 Fiberglass tabs were bonded to the gripping sections of each specimen in order to prevent 

damage from the wedge grips of the testing machine. The VPG Micro Measurements M-Bond 

200 adhesive, an all-in-one, room temperature curing epoxy was use to bond the tabs to the 

specimens.  

 For tests requiring the use of an MTS low-contact force elevated temperature 

extensometer, indentations had to be made in one side of the specimen. Specimens were indented 

using a punch tool manufactured by MTS and a small hammer. Indentations were made using the 

least force possible to ensure that the specimen would not experience diminished fatigue life due 
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to the indentations while also ensuring that the extensometer maintained uninterrupted contact 

with the specimen.  
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IV. Experimental Setup and Testing Procedures 

4.1 Testing Equipment 

 Mechanical testing was split amongst three different load frames. Load frame number 

one was a vertically configured model 810 MTS servo-hydraulic testing machine outfitted with a 

100 kN model 647.10A load cell, an MTS model 661.20E-03 force transducer, a 100 kN MTS 

model 609.10A-01 alignment fixture, and MTS model 647.10 wedge grips. Room temperature 

modulus testing, along with roughly half of the room temperature fatigue testing was performed 

on this load frame. Load frame number one utilized an MTS model 632.26F-20 extensometer 

with knife-edge contacts.  

 Load frame number two was a vertically configured model 810 MTS servo-hydraulic 

testing machine outfitted with an MTS model 661.20E-03 force transducer, a 100 kN MTS 

model 609.10A-01 alignment fixture, and MTS model 647.10 wedge grips. The other half of 

room temperature fatigue testing was performed on this load frame. This load frame was 

equipped for high temperature testing, and roughly half of the high temperature work occurred 

on this load frame. This load frame was equipped with an MTS model 653.01A furnace system, 

as well as an MTS model 632.53E-14 high temperature extensometer with silica rods.  

 Load frame number three was a vertically configured model 810 MTS servo-hydraulic 

testing machine outfitted with an MTS model 661.19E-04 force transducer, a 100 kN MTS 

model 609.02A-01 alignment fixture, and MTS model 647.02B-03 wedge grips. This load frame 

was equipped for high temperature testing as well, and the other half of the high temperature 

work occurred on this load frame. This load frame was equipped with an AMTECO model 

HRF5-350-27-2700 furnace system, as well as an MTS model 632.53E-14 high temperature 

extensometer with single crystal silica rods.  
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 All load frames utilized a FlexTest 40 digital controller was used for controlling input 

signals and acquiring data. All testing utilized the MTS station manager, running a configuration 

file created under MTS building release 5.2B. All testing procedures were creating on the MTS 

station manager, allowing for automated testing under all test conditions. Figure 8 displays all 

testing equipment used. 

 

Figure 8. Equipment shown is a) station #1, b) station #2, c) station #3, d) room temperature 
knife edge extensometer, e) silica rod high temperature extensometer, f) single crystal silica high 

temperature extensometer 
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4.2 Tuning of Testing Equipment 

 The load frame controllers can be operated primarily in three different modes: 

displacement control, force control, and strain control. During this testing, only force and 

displacement control were utilized. During the tension to failure portion of the research, it was 

uncovered that the load frames were out of tune for this material when the load frames were 

operated in displacement control. Unusual perturbations in the tension to failure specimen’s 

stress strain curves prompted further investigation. When one of the 0/90 specimen’s 

displacement and displacement command was graphed against time, the problem was revealed. 

Figure 9 shows the graph of specimen 313-1 that revealed the issue. 

 

Figure 9. Displacement and displacement command versus time for specimen 313-1. Note that 
displacement is on an absolute scale 

Figure 10 shows the displacement command versus the displacement response of the load frame 

actuator graphed against time for station one when no specimen was loaded. Due to the regular, 
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periodic nature of the displacement response failing to follow the displacement command, it can 

be concluded that the load frame was out of tune. 

 The tuning of the MTS Flex Test 40 digital controller needed to be adjusted for 

displacement control. Tuning the controller consists of having the load frame perform some form 

of action, while adjusting the gains of the controller withing the station manager. For tuning 

displacement control, the load frame is commanded to move the actuator between a given 

displacement range in a periodic fashion. This movement is not sinusoidal; however, it is a 

square wave. Square waves cause very drastic, quick movements. The logic behind tuning square 

waves is that if the load frame can perform this abrupt motion perfectly, it should be able to 

perform gentler actions even more so. 

 

Figure 10. Displacement and displacement command versus time for station one. Note that 
displacement is on an absolute scale. 


