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Abstract
	An Investigation was conducted for the ultimate and yield strengths of the 3D printed parts of built with PLA, Taulman Alloy 910, and Taulman T-Glase at different infill percentages.  These specimens were created using extrusion based additive manufacturing on the re3D Gigabot.  The determination of these strengths will provide background information for early part design consideration by Gigabot users with these materials.  Tensile data of the traditional ASTM type used here is insufficient to use as design specification, but does provide a partial look at the behavior of 3D geometric effects of using these constitutive plastics in an extrusion based printer.  For this report, the results are presented, along with initial impressions from the results to help motivate strategy for more relevant testing strategies to aid machine parameter setting for desired properties with these materials.  The primary parameter of variation is the fill fraction used internal to each specimen, which is varied from 0% to 100%.  All samples have a common external sheath of 2 perimeters extruded using a .4mm nozzle diameter.  The observed behavior will be compared to 100% fill specimens of the same material using the alternating 45 degree cross hatch fill pattern shared among all specimens .
Introduction
	The fused deposition modeling (FDM) or extruded filament process is a manufacturing technique often used in 3D printing for rapid prototyping. The material is added one layer at a time by laying down thin filaments of material (plastic in this printer) in a soft/sticky form that cools and solidifies quickly, bonding as possible with adjacent filaments. One of the objectives of the Gigabot and other state of the art 3D printers is to print parts that withstand higher levels of stress and strain commensurate with the native filament material.  
	Because ASTM standards were created before the modernization of 3D printing some of the methods used in this investigation have specifications that deviate from the norm in order to produce data useful in the context of FDM created parts.   ASTM still recommends D638 for tensile testing of FDM parts, but has not yet clearly articulated a standard under the conditions of partial fill that we are using here.
Material Properties
Testing specimens are made in the form of ASTM D638 Type I tensile bars. 
The PLA (Polylactic Acid) plastic used in this test is Ingeo Biopolymer 4032D from NatureWorks[endnoteRef:1]. It is advertised as having a tensile strength of 15 kpsi (103.4214 MPa) in the machine direction (X) and 21 kspi (144.7899 MPa) in the transverse direction (Y). [1:  http://www.natureworksllc.com/] 

The Alloy 910 plastic used comes from the Taulman[endnoteRef:2] company advertised as having a tensile stress when 3D printed of 8,100 PSI (55.8475 MPa). [2:  http://www.taulman3d.com/] 

The Taulman T-Glase alloy currently has no data published publically on the strength and strain capabilities of the material.
Testing Methods
	Tensile specimens for Groups 1-12 and  18-22 of natural PLA and Taulman T-Glase respectively  were tested on the Instron 3345 machine using an extension rate of 5 mm/min. The tensile force stopped when the measured load drops 40% from the peak value, indicating a rupture in the bar.  The reported stress in this report is really a pseudo stress since it is composed in typical ASTM method of dividing the applied load by the original un-deformed cross sectional area of the specimen gauge section.  It therefore takes no account of the amount of material in the gauge cross section as the % fill is varied.  The strain is computed per ASTM methods by taking the extension and dividing by the gauge length of the un-deformed specimen.
	The elastic modulus for the tensile bar is then calculated using the slope of a linear regression line run through the first ten points of the Stress vs. Strain graph for its testing.  This elastic line is offset 2% in strain to find the appropriate yield point for the tested bar. 
Results and Discussion
Natural PLA: 
Figure 1 is sample of Stress vs Strain for the baseline PLA specimen data.  This baseline is associated with a common 40% fill for parts fabricated on the Gigabot. All PLA specimens tested so far followed this pattern with fracture slightly beyond the ultimate strength with minimal necking.
[image: D:\re3D tensile tests\Group 6\Group 6 Stress v Strain Curve.PNG]
Figure 1. Sample Stress vs. Strain curve for group 6 (40% infill)
	The ultimate stress and strain at break for groups 1-12 (natural PLA) at infill percentages incrementing by 10% from 0% are detailed below.

Figure 2

Figure 3
Figure 2 indicates that the ultimate tensile stress increases in a nearly linear fashion as the infill percentage increases over the range from 10% to 80%. Each 10% increment of infill percentage adds around 2.5 MPa of stress capacity in this region.  Between 80% and 100% the improvement is greater than the previous trend, and the 0% fill falls below this middle trend. In Figure 3 the trend is less clear due to wider scatter in the results. We will examine this data further to obtain a numerical trend, but initial look appears to show an increasing strain at break with increasing % fill. 

Figure 4

Figure 5
The yield stress and strain follow similar patterns to ultimate stress and strain at break. The uncertainty observed in the yield strain data (Figure 5) is approximately 1/2 the uncertainty observed in the strain at break data (Figure 3) for the PLA tested.



Figure 6
	Because elastic modulus is based on stress over strain during the elastic period of the materials elongation, it makes sense that the pattern that it has with varying infill matches yield stress because yield strain varies little with change in % fill.

Other Test Observations:
PLA:
	The fractures made in in the natural PLA tensile bars were brittle in nature and perpendicular to the pull direction.  They do not show many signs of deformation beyond the snapping of the fibers vertically along the fracture as can be seen in Figure 7a,b.
[image: Macintosh HD:Users:fish:Desktop:Screen Shot 2015-07-16 at 11.51.34 AM.png]
Figure 7a,b – PLA specimen fracture


Taulman 910: 
	The Taulman 910 specimens behaved much differently than the natural PLA after reaching their yield point during the elongation. The material has a very long strain hardening and necking period where it continues to elongate and deform before fracturing.   With the extension rate used for PLA this resulted in tests taking 45 minutes and not always a fracture before the extension limit of the Instron was reached.  Most applications will not see this form of slow loading, and before continuing with this material, some understanding of the strength dependency on the extension rate seemed warranted.  Extension rates were increased incrementally in for groups of samples as indicated below: 
	Serial #
	mm/min

	61
	5

	62
	5

	63
	20

	64
	10

	65
	50

	66
	50

	67
	50

	68
	50

	69
	100

	70
	200


	Table 1 – Specimen # and extension rate variation for Taulman 910 initial testing
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Figure 8 – Strain rate dependent results for Taulman 910
The graphs show that increasing the pull rate may result in a small increase in the yield strength but with the small sample size it is hard to evaluate the statistical significance of this observation.  Elastic modulus does not appear to vary significantly vs extension rate. After this initial rate dependency was examined, all further tests used 200 mm/min extension rates and tests were completed in approximately 4 minutes.  This creates a small inconsistency in the yield values with the first 2 groups but allowed for a method to be created for testing the remaining Taulman 910 specimens. 
A typical set of stress vs strain measurement for the Taulman 910 is shown in Figure 9 all with 200 mm/min strain rate.
[image: D:\re3D tensile tests\Group 16\Group 16 Stress v Strain Curve.PNG]
Figure 9 - Sample Stress vs. Strain curve for group 16 (70% infill)
	As in the other stress graphs, as seen in Figure 9, Taulman 910 has an upward approximately linear trend. The strain however starts slightly lower and then levels out. It is possible that the lower values are outliers due to the inconsistent extension rate and wouldn’t show with more testing but regardless there were more low strain percentages with lower percent infill. Because both infill and strain were increasing with percent infill the elastic modulus tends to stay in place at first and then increase logarithmically at higher infill percentages.


Figure 10

Figure 11

Figure 12
Because many of the specimens did not fracture within the restricting bounds set on the machine only yield parameters could be tabulated for comparison. Note that fracture after such long extension, when it occurred resulted in a very large contraction in length as the load was released.  Extension and contraction are illustrated in Figure 13 a and b respectively. 
[image: Macintosh HD:Users:fish:Desktop:Screen Shot 2015-07-16 at 12.11.43 PM.png]
Figure
	Figure 13 a,b – Taulman 910 extension (a) and recoil after fracture (b)
The Taulman 910 specimens also exhibited necking behavior which progressed up into the “ear” section of the samples and eventually would move under the grippers as shown in Figure 14.  We did not observe loss of grip on the outer most portion of the sample, but continued extension would likely result in this loss given the strong poisson’s ratio contraction of lateral dimensions in the plastic necking process observed.
[image: C:\Users\ghf236\Documents\Garrett\Tensile tests re3D\Pictures Taulman 910\deformed handle.jpg]
Figure 14  – Taulman 910 plastic deformation in the gripper section
Taulman T-Glase:
Specimens of Taulman T-Glase fractured in a more brittle fashion under a pull rate of 5 mm/min similar to the natural PLA specimens tested. When breaking, most tensile bars began to fracture along one side and quickly cut across the middle of the bar, but many times the outside layer of printed plastic would hold for a while longer with the stress greatly reduced. Below are graphs of stress and strain vs. infill at the yield point found using a 2% offset.

Figure 15

Figure 16

Figure 17
	In a similar pattern to the PLA and Taulman 910 specimens the yield stress of Taulman T-Glase increased as infill percentage increased with the biggest changes in yield strain at higher infill. 
Yield strain (figure 16) remained fairly consistent through the testing of different infill percentages and seemed only to vary randomly without correlation to the infill percentage. One cause for this may be that most of the load may be carried in the perimeter layers which are the same in all specimens, and increased filament bonding area compared with the interior regions.   The ability of the material to stretch before fracturing may be primarily determined by the strength of the perimeter, regardless of its infill percentage. Elastic modulus (figures 17), like the strain shows higher infill percentages tend to increase by a higher margin on the increments above 50%. 
[image: C:\Users\ghf236\Documents\Garrett\Tensile tests re3D\Pictures Taulman T-Glase\Manufacturing imperfection.jpg]
Figure 18
	Figure 18 is a picture of specimen D-097 before the test and a crack looking deformation existed before any kind of stress was put on the part. This specimen fractured early and along the crack accounting for 1 of the two outliers on the summary graphs of Taulman T-Glase (50% infill).
[image: C:\Users\ghf236\Documents\Garrett\Tensile tests re3D\Pictures Taulman T-Glase\20150722_110744.jpg]
Figure 19
	Figure 19 shows an common example of T-Glase specimen fracture. Note that the fracture would be diagonal along the internal fibers and fracture quickly except in cases like the one in the figure below.
[image: C:\Users\ghf236\Documents\Garrett\Tensile tests re3D\Pictures Taulman T-Glase\Edge Strength.jpg]
Figure 20 – Edge Strength of build holding after break
	In the Figure 20 above the green circles highlight the edges of the 3-D build that are stronger due to their orientation that runs along the same axis as the stress exerted on the tensile bar. This suggests that the perimeter, aligned in the direction of the applied force is stronger than the hatch pattern filling and will sometimes endure the initial fracturing and still be holding together after the load has been greatly reduced. The specimen is stretched to a “yield” point which may be associated with bond breakage internal to the specimen and prior to the overall fracture of the specimen.  About 2/5 of the specimens would break leaving behind small pieces on the edge so the stress did not drop instantly. The graphs for these specimens go on much longer and decline slowly after an initial large drop in stress.

Summary
	A series of ASTM D638 modeled tensile tests were carried out on two materials, a PLA and a highly extensible Alloy 910 from Taulman to gain information on the variation in as printed properties as a function of the % fill if the interior of the specimens.  The fracture and yield stress properties generally followed a linear relationship for % fill between 10-80%.   A weakening effect for 0% cases in both materials is observed likely due to instability of the outer shell without any infill.  These 0 and 10% specimens are likely also being non-uniformly gripped in the test machine, and for future testing some consideration should be given to printing the non-gauge section with at least 80% fill.  The 80-100% fill specimens showed a higher stress trend than the lower % fill trend, and this might also be enhanced by geometric strengthening through increased bond area between fill filaments and between these filaments and the outer shell forms a more stable geometry in the core of the samples.
	The PLA strain to break data shows only slight influence of % fill with the values generally in the range of  8% +/- 2%.  Because breakage was infrequent and inconsistent in the highly elongated Taulman 910 our focus was on yield properties.  The stress trends were similar to that of PLA magnitudes of roughly 1/3 that of PLA.   Taulman 910 yield strain (2% offset method) were consistently 8% with infill percentages greater than 40.  It’s yield strain fell to ~7% for infill of only 10%.
We would like to compare this data to something representing a “strongest practical print” and are suggesting for both materials that samples be built which have the fill 100% and all oriented along the tensile axis.  This will allow a design knock down factor that could be developed as a function of both fill % and later fill pattern geometry if desired. 
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Appendix B (Taulman 910)
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Appendix C (Taulman T-Glase)
Group 18 - 10 % fill                                          Group 19 30% fill
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Group 20 50% fill                        Group 21 70% fill
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Group 22 90% fill
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PLA Yield Stress (2% Offset)  
PLA	20.0	20.0	20.0	20.0	20.0	20.0	20.0	20.0	20.0	20.0	0.0	0.0	0.0	0.0	0.0	10.0	10.0	10.0	10.0	10.0	30.0	30.0	30.0	30.0	30.0	40.0	40.0	40.0	40.0	40.0	50.0	50.0	50.0	50.0	50.0	60.0	60.0	60.0	60.0	60.0	70.0	70.0	70.0	70.0	70.0	80.0	80.0	80.0	80.0	80.0	90.0	90.0	90.0	90.0	90.0	100.0	100.0	100.0	100.0	100.0	18.7063	18.5467	19.3548	19.5753	19.1157	20.9919	21.7429	21.7245	21.7951	21.3674	14.1965	13.1934	14.0812	14.2566	14.052	19.1747	18.03879999999998	17.93990000000001	19.3341	18.9101	21.95349999999998	21.96	20.55720000000001	20.5685	21.1406	24.35439999999999	24.2084	23.251	24.6083	25.1766	25.53	26.4741	25.8903	25.2558	25.8049	27.51439999999999	26.8411	27.2343	27.7966	26.6338	28.2818	29.01	29.0105	29.48219999999994	28.851	29.6671	31.122	30.0101	30.0931	30.5819	32.9127	31.60140000000001	33.3281	33.7475	33.1163	37.3567	35.8853	36.707	35.9084	36.7862	Percent Infill (%)
Yield Stress (MPa)
PLA Yield Strain (2% Offset) 
PLA	20.0	20.0	20.0	20.0	20.0	20.0	20.0	20.0	20.0	20.0	0.0	0.0	0.0	0.0	0.0	10.0	10.0	10.0	10.0	10.0	30.0	30.0	30.0	30.0	30.0	40.0	40.0	40.0	40.0	40.0	50.0	50.0	50.0	50.0	50.0	60.0	60.0	60.0	60.0	60.0	70.0	70.0	70.0	70.0	70.0	80.0	80.0	80.0	80.0	80.0	90.0	90.0	90.0	90.0	90.0	100.0	100.0	100.0	100.0	100.0	5.5838	5.5614	6.502899999999999	5.9065	5.5492	5.9765	6.346999999999999	6.2087	6.2026	6.5402	6.360599999999994	5.561999999999998	5.9702	6.0093	6.5432	6.022699999999999	5.9465	5.859	5.868099999999996	6.089	6.0637	6.174499999999997	6.2235	6.124699999999994	6.0861	6.72	6.647699999999999	6.4682	6.5729	6.7312	6.2733	6.684499999999994	6.594899999999996	6.5855	6.5518	6.720899999999998	6.625899999999994	6.5354	6.665399999999995	6.3385	6.4426	6.7124	6.6453	6.814299999999998	6.619499999999999	6.5439	6.7087	6.645999999999994	6.3726	6.5166	6.623099999999995	6.127899999999994	6.3494	6.3508	6.122799999999994	6.228499999999999	5.9215	6.064499999999994	6.154899999999994	6.2288	Percent Infill (%)
Yield Strain (%)
PLA Elastic Modulus 
PLA	20.0	20.0	20.0	20.0	20.0	20.0	20.0	20.0	20.0	20.0	0.0	0.0	0.0	0.0	0.0	10.0	10.0	10.0	10.0	10.0	30.0	30.0	30.0	30.0	30.0	40.0	40.0	40.0	40.0	40.0	50.0	50.0	50.0	50.0	50.0	60.0	60.0	60.0	60.0	60.0	70.0	70.0	70.0	70.0	70.0	80.0	80.0	80.0	80.0	80.0	90.0	90.0	90.0	90.0	90.0	100.0	100.0	100.0	100.0	100.0	4.2346	4.383999999999999	4.3423	4.4087	4.262799999999999	4.3763	4.554099999999996	4.4169	4.3303	4.294499999999998	2.8791	3.1468	3.1954	3.168	3.1294	4.1853	4.191999999999997	4.115699999999999	4.2908	4.2292	4.5787	4.5865	4.4479	4.4274	4.587899999999999	4.694499999999994	4.747899999999999	4.677999999999995	4.828599999999994	4.9044	5.1318	5.2232	5.115399999999997	5.198099999999997	5.212	5.3069	5.321999999999996	5.4962	5.4394	5.4768	5.604699999999997	5.650099999999996	5.766	5.560499999999998	5.7373	5.9586	6.126899999999996	6.153999999999995	6.2536	6.2137	6.8777	7.0068	7.0407	7.063899999999999	7.0995	8.117099999999998	8.433900000000001	8.2439	8.1783	7.9409	Percent Infill (%)
Elastic Modulus (MPa)
Taulman 910 Yield Stress (2% Offset)  
Taulman 910	10.0	10.0	10.0	10.0	10.0	30.0	30.0	30.0	30.0	30.0	50.0	50.0	50.0	50.0	50.0	70.0	70.0	70.0	70.0	70.0	90.0	90.0	90.0	90.0	90.0	3.0019	2.9733	3.7102	3.201	4.3495	3.6223	4.1836	4.332899999999999	4.495	5.7156	6.4043	6.2402	6.1493	6.462099999999999	6.4595	7.112199999999994	7.3759	6.8687	7.9371	7.8687	10.4213	11.6341	11.6334	10.1656	11.5612	Percent Infill (%)
Yield Stress (MPa)
Taulman 910 Yield Strain (2% Offset) 
Taulman 910	10.0	10.0	10.0	10.0	10.0	30.0	30.0	30.0	30.0	30.0	50.0	50.0	50.0	50.0	50.0	70.0	70.0	70.0	70.0	70.0	90.0	90.0	90.0	90.0	90.0	6.6394	6.5078	7.9423	6.854699999999998	8.193299999999998	8.418899999999998	8.0952	8.0224	9.2466	11.1464	10.5306	11.1829	11.2038	11.1839	11.2273	10.6276	11.1674	11.4076	11.227	11.2285	10.4495	11.0021	11.0406	11.134	10.9542	Percent Infill (%)
Yield Strain (%)
Taulman 910 Elastic Modulus 
Taulman 910	10.0	10.0	10.0	10.0	10.0	30.0	30.0	30.0	30.0	30.0	50.0	50.0	50.0	50.0	50.0	70.0	70.0	70.0	70.0	70.0	90.0	90.0	90.0	90.0	90.0	0.6463	0.6587	0.6236	0.6585	0.7006	0.5617	0.6825	0.7063	0.6126	0.6004	0.7357	0.6528	0.6434	0.6762	0.6723	0.8075	0.7729	0.7007	0.8303	0.8239	1.2056	1.239	1.2358	1.0697	1.241	Percent Infill (%)
Elastic Modulus (MPa)
Taulman T-Glase Yield Stress (2% Offset)  
Taulman T-Glase	10.0	10.0	10.0	10.0	10.0	30.0	30.0	30.0	30.0	30.0	50.0	50.0	50.0	50.0	50.0	70.0	70.0	70.0	70.0	70.0	90.0	90.0	90.0	90.0	90.0	12.5681	12.9195	13.0821	12.156	12.527	14.9174	14.2601	14.289	14.6296	14.0982	14.1689	10.3167	15.1625	13.7022	13.2053	13.1535	17.2406	17.2665	18.1615	16.6617	19.1153	19.76279999999999	20.1829	18.5	19.08559999999999	Percent Infill (%)
Yield Stress (MPa)
Taulman T-Glase Yield Strain (2% Offset)  
Taulman T-Glase	10.0	10.0	10.0	10.0	10.0	30.0	30.0	30.0	30.0	30.0	50.0	50.0	50.0	50.0	50.0	70.0	70.0	70.0	70.0	70.0	90.0	90.0	90.0	90.0	90.0	7.4467	7.351999999999999	7.4097	6.9281	7.2398	7.7073	7.4667	7.366899999999999	7.3797	7.3533	7.264099999999999	6.054799999999999	7.3867	7.127599999999999	6.8384	6.4703	7.617299999999999	7.5266	7.7519	7.4482	7.065399999999999	7.2284	7.2722	6.826799999999999	7.157799999999999	Percent Infill (%)
Yield Strain (%)
Taulman T-Glase Elastic Modulus 
Taulman T-Glase	10.0	10.0	10.0	10.0	10.0	30.0	30.0	30.0	30.0	30.0	50.0	50.0	50.0	50.0	50.0	70.0	70.0	70.0	70.0	70.0	90.0	90.0	90.0	90.0	90.0	2.3087	2.416799999999998	2.4209	2.4702	2.3934	2.6154	2.611499999999999	2.665	2.7226	2.6366	2.6936	2.5475	2.817699999999998	2.6752	2.733	2.945	3.073	3.1278	3.161	3.0614	3.777	3.7847	3.833	3.838099999999998	3.7056	Percent Infill (%)
Elastic Modulus (MPa)
Ultimate Tensile Stress vs. infill Percentage
PLA	20.0	20.0	20.0	20.0	20.0	20.0	20.0	20.0	20.0	20.0	0.0	0.0	0.0	0.0	0.0	10.0	10.0	10.0	10.0	10.0	30.0	30.0	30.0	30.0	30.0	40.0	40.0	40.0	40.0	40.0	50.0	50.0	50.0	50.0	50.0	60.0	60.0	60.0	60.0	60.0	70.0	70.0	70.0	70.0	70.0	80.0	80.0	80.0	80.0	80.0	90.0	90.0	90.0	90.0	90.0	100.0	100.0	100.0	100.0	100.0	19.58809	19.52684	19.91961	19.71353	19.12109999999999	20.99299999999998	21.80622	21.72593	21.85501	21.42653999999995	14.37493	13.44516	14.41465	14.66296	14.20259	19.36681	18.74082	19.62619	19.24281999999998	22.07432	22.42565	21.14288000000001	21.2403	21.55155	24.55613	24.45116000000001	23.71312	25.04626	25.24359	25.70839	26.95326	26.58471	25.89544	26.14164999999998	28.59872	27.85217	28.13811	28.72121	28.32885	29.6114	29.87877	29.61532	30.06458	29.92072999999994	32.24904	32.78988	32.80113	32.56466	32.64574000000001	37.10956	37.35184999999994	37.71724	37.68888	38.75977	47.55355	47.98273	46.32973	47.1824	47.00888	Infill Percentage (%)
Max Tensile Stress (MPa)
Strain at Break vs. infill Percentage
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