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Abstract

The purpose of this research is to explore theofisgpid prototyping to assist with the structumahblysis of steel
connection design. Structural analysis is an esdespect of engineering design; various struadtanalysis
techniques lead to enhanced designs, as welllassfgirediction and prevention. In-house steeheation testing
requires acquisition of steel, construction timd &bor, and destructive testing which can be gtlgnand costly
process. Rapid prototyping (RP), or additive manturing, creates prototypes and models from 3D filaen
Aided Drafting (CAD) software using various plastésins and powders. Rapid prototyping would tiatisate
steel connection testing altogether, but prototypesid highlight design flaws and allow prompt s in
design without needing to reorder steel and waifdbrication. This research explores the posgibilf using rapid
prototyped models in place of actual steel pantsHe testing of structural components. In ordeadcurately use
rapid prototyped components in connection testinglationship needs to exist between the materaglerties of
various plastics and steel. This research compsaress-strain curves and moduli of elasticity nfibwia tensile
loading, of various plastics and steel. Finitereat analysis was done to locate stress concentsaiti test
specimens. RP would not replace steel conneatsting entirely, only the iterative steps leadipgai the final
connection configuration.
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1. Introduction:

Steel connection design can be a time-consumirgjlycdterative process. If an uncommon connectieads to be
designed, stress concentrations may be unknowstegsk analysis will need to be done in orderrd fiossible
failures. If the connection needs to be physictdted, the steel parts will need to be ordetezietwill be a lead
time for the parts to be manufactured and shipaed finally assembled, which can be labor intensiith any
bolting or welding required. Then, if a designiflas discovered, the design will be modified ane piocess will
be reiterated.

This research examines using rapid prototypingfriuctural engineering analysis, particularlgti@amline in-
house connection design. The turnaround timeméinarototyped parts would be hours or days congptoaveeks,
and the correction of a design flaw would be a@ttion on a 3D computer software model. Shippimdj@ssembly
wouldn’t be necessary if the rapid prototyping @ in-house. Rapid prototyping would not replsiee|
connection testing entirely, only the iterativepstéeading up to the final connection configuration



2. Objectives:

The purpose of this research is to correlate R&tiptato steel, and find one plastic that mostaljosesembles the
material properties of steel. Then a connectiariccbe rapid prototyped using that plastic. Nostdective testing
could be used to locate stress concentrations hwhiaild indicate possible failure locations. THe plastic would
have strengths that are a fraction of that of semekcaled forces would be applied to the conmectiTesting of the
properties of the plastic would determine whatdbaling factor would be. Mechanical propertiesaarémportant
aspect 0§f rapid prototyped parts; however therdeawaresearch publications to determine the progedf RP
materials.

3. Background:

For steel connections to be modeled out of rapidopyped plastics, a relationship needs to existéen the
materials. Steel properties are well known and d@tumented, while plastic materials are highlyiatale. To
properly experiment with plastics in order to obtaiaterial properties, an understanding of strengthmaterials is
required.

3.1.stress-strain relationship:

In 1678, Robert Hooke first reported a linear ielahip between the amount of force or load applea material
and its physical deformation. The amount of deftian is dependent on the material’s propertiesthad
specimen’s dimensions. Dimensional effects arenatized by dividing the force (F) by the initialosis-sectional
area (A) being loaded. Equation(1) is the strep&(a specimen:

F

o=1 (1)

Dividing the deformation (change in lengtil.) by the original length () is defined as the straig)(in the
specimen, given by equation(2):

g =~ )

Lo

A graph of stress versus strain (Figure 1) givesrssiderable amount of information about the mateincluding
the modulus of elasticity, the yield strength, #mel ultimate strength

In order to find an accurate factor, a relatigpsteeds to exist between the chosen plastic &dl sThe key
property considered in this research was the madfielasticity. Almost all materials have a retmat modulus of
elasticity or a range of values for the modulu$ie Thodulus of elasticity for steel is commonly take be 29,000
ksi. However, due to the variables in plasticefiouild conditions to test conditions, accurate eosistent
moduli values are difficult to find. The stresgagt qualities of plastics are greatly dependanfagtors such as rate
of stress application, temperature, and histotphefspecimen. However for most materials, in |tne@ss regions, a
linear stress-strain relationship exists, and geahto the linear portion can be used to determiodulus of
elasticity’.

The modulus of elasticity (E), particular to midiual materials, is the proportional constant lestw stress and
strain ofélan axially loaded member, given in equa). This constant holds for homogenous, isatradastic
materials.

E=- ®)

&€

As strain increases, the linear relationship masedo hold for many materials, terminating atgraportional
limit.
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Figure 1. Low-strain region of an engineering stvsain diagram for a ductile matefial

4. Methodology:

This research involved comparing the material priogee of various RP plastics through physical speci testing.
To compare the materials, the geometry of thesi@stimen had to be determined. The testing apsasatilable
put restrictions on specimen geometries. The g&@revere also subject to the restrictions ofrttaximum build
areas of the rapid prototyping machines, which Wwasnissue in this case. It is also necessabetéamiliar with
the various rapid prototyping processes, sincetheesses influence final properties of the plastic

4.1. rapid prototyping process:

Rapid prototyping, also called additive manufactgriuses plastics or other RP materials to createtypes or
models through an additive layering process. REhmas build prototypes from 3D computer models #Hna
converted into .STL files. An .STL is a neutrakirface that breaks geometries down into trianglgsen, the
geometry is sliced into 2D layers which form thess-sections that build up to form the model otqiypé.

Table 1. rapid prototyping machines (bold) and eesige plastics tested

SLA®-5000 DTM Sinterstation FDM Titan Spectrum Z510
(3D Systems) 2500 (3D S?]/%tems) (Stratasys) (Z Corporation)
DuraFor Acrylonitrile Butadiene
WaterShel XC 11122 Polyamide (PA) Styrene (ABS)
RenShap@é SL 7870 Polycarbonate (PC) ZP® 131
DuraForn? Flex Polyphenylsulfone
Accurd’ 25 (PPSF)

While several types of rapid prototyping teclugiés were used, this research focuses on thebteography
apparatus (SLA) and the selective laser sintei8igs] processes. SLA utilizes liquid photopolymend a UV
laser to create a 3D model by layering cross-sestp003 in. - 0.005 in. in thickness. A platfagtocated just
below the surface of a vat of liquid resin, andkdsstate UV laser traces the cross-section atldyar in the liquid
polymer, which cures the resin. SLA uses suppbessecure the model in place during the build, @lfow for
easy removal of the part. Post-processing is gdlgeequired, which includes a UV post-cure andaze
finishing. SLA is considered the most accurat®Bfmachines and is capable of creating intricatenggries.

In the SLS process, plastic powders are sintergether by a carbon dioxide laser that heatpdveder. The part
is built on a center platform on a piston and isdoed a layer at a time, approximately 0.004”. I&slon two



pistons on either side of the platform spread powder the part bed at every layer. The carboridelaser is
focused by mirrors and directed to the part bedsrefit traces the model’s cross-sections in thedeowo create the
model. Parts can be stacked in a SLS machine #iegeare supported by the surrounding powder aeg do not
require supports. SLS models have high qualityhasical properties and high resistance to heatharhicald.
SLS parts were built at a laser power of 35 W Ifidg tesearch. Scan speed and energy density wespecified
but were held constant.

4.2. experimental process:

ASTM E8/E8M-08Standard Test Methods for Tension Testing of Metallic Materials is used to determine yield
strength, ultimate or tensile strength, elongatandg reduction of area. A test specimen of smmaissectional
area is subjected to a tensile loading. The spatisifabricated with the intended breaking pairthie center,
where the cross section is reduced. This is tarerfsacture along the gage length of the specimen.

The cross-section can be a variety of shapdsdimg plate, sheet, round rod, wire or tube; rourd specimens
were used in this research. The geometry usdtbisrsin Figure 3. The specimen is placed in amalte tensile
testing apparatus (a Tinius-OlSemtimate tensile testing apparatus) and held aeghwith grips that are located
such that only uniaxial tensile loading is on thst specimen and bending is not introdd®edSection 7.6.1.2 of
ASTM E8 describes speed of testing in terms of odtraining. It also states that for machinethauit strain-
pacing devices, strain rate may be determined wsiimging device in conjunction with a known straiarement.
The specimens were loaded at a strain rate of appabely 0.02 inf/in/min. An extensometer usinignaar
variable differential transformer (LVDT) measurée deformation along the minimum diameter of thecgpen.

The specimens tested were designed to ASTM B8/E&her than ASTM D63&tandard Test Method for
Tensile Properties of Plastics, for direct comparison reasons. Since the stealig@®s were built in accordance to
ASTM E8/E8M standards and had established dimeastbe plastic specimens were modeled after tle ste
specimens in order to have the same volume, susgf@ae and dimensions. This would allow for actire
comparison of material properties devoid of geoiv@tdisparities. Since rapid prototyping builtetigh additive
layering, each plastic tested was built in two tdions, shown in Figure 2, to determine effectswld
orientation, or degree of isotropy. Steel is ispit; isotropy describes a material in which itdenial properties are
constant along the axes of the specimen. Matesidisproperties which are dependent on directi@namisotropic,
thus a plastic with maximum isotropy is considemsabst applicable for this research.

In addition to being isotropic, steel generdifs ductile tendencies in tension. Ductile maledan undergo
appreciable amounts of plastic deformation befailerfe.*? A visible form of this phenomenon is necking, a
reduction in cross-sectional area in regions offilsigain localization.
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Figure 2. Left: 0° build orientation; right: 90° ilorientation.

Figure 2. Specimens built horizontally on an RRInire were designated as 0° builds and specimahs bu
vertically on were designated as 90° builds. Hmntal lines indicate build layers.
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Figure 3. Dimensions used to create RP tensillediisspecimens.

5. Data Analysis and Results:

Initially, one 0° build and one 90° of each plasti@ilable was tested to eliminate plastics thearty did not relate
to steel properties early on in the research. Dubke extreme elongation and the near void modofledasticity of
the DuraForti Flex, it was eliminated from further testing. 131 exhibited highly brittle failures and very
low strength and thus was eliminated. All thre¢hef fused deposition modeling (FDM) plastics prastiihigher
strengths and more linear stress-strain relatigssini 0° build orientation and considerable pooesults in the 90°
orientation, implying that the materials were higahisotropic, and therefore would not be applieafihe
remaining SLS plastic (DuraForn® PA) and the three SLA materials had the most psomitrial results. Five
more specimens of each of these plastics in bodlttithns of build were tested and are referrecstiuthexperiment
specimens in this researcBuring the full experiments, the ultimate and rupt(failure) forces were recorded.
From the stress-strain graphs, modulus of elagt{E} and yield strengtho() were calculated. A 0.02% strain
offset was used to determine yield strength. Ste#l analysis was conducted on results.

Table 2. yield strengths and moduli of elasticitycalated for SLA and SLS tensile test specimesysonmed as a
range of minimum to maximum values

Material of Specimen| Build Orientation |Yield Strength, o [ksi] | Modulus of Elasticity, E [Ksi]
e I P
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5.1. material characteristics:

Each material had unique characteristic resuliee WaterShetihad the highest strengths and moduli of elasticity
Since the plastic-to-steel correlation would onbjdhtrue in a predetermined stress range, higimgtheof a plastic
(while not outlined as a success criterion) woulldvafor larger stress ranges in which to accusatest the
connection. WaterSh&also possessed the most ductile failures, witibleisiecking (thinning of the material at
failure location prior to fracture).

The SL 7870 specimens had the most geometryésil- fractures at grips and fillets. Geometilpfas result in
scattered data, so averages do not provide acaefatesentations of the results.

The Accurf 25 plastic was distinct in that it had higher sg# in vertical build orientation. Generally, mgals
with layers or a grain will have higher strengthentthe force applied is parallel to the grain. Roeurd 25 was
the only material tested that reacted reversely.

DuraFornfi PA had the largest difference between build dioestusing difference of averages. Also notable is



the fact that the trial builds of PA had much moeeking and ductile failures than the later fulbesiment
specimens. This may be because the machines witdeoh different machines or were build with diéat
settings, such as scan speed, energy densityhgaitemperature, or other processing factors.

5.2. statistical analysis:

Two types of statistical analysis were conductedhenfull experiment results. To compare modulglafsticity of

0° against 90° builds of each plastic individuallysample test of means t-tests were done usingsthemption of
unequal variances and a confidence interval of 9%%compare moduli of elasticity of all plasticskioth build
directions simultaneously, ANOVA (Analysis of Vamize) was used. ANOVA is a statistical method tuahpares
multiple population means. The statistical analysas performed using Minit&14.5.1.0.0 and the readout is shown
in Figure 4 and 5.

Table 3. estimates for difference and P-valuedylbexperiment plastic from Minitab statisticalagout

Material of Specimen| Estimate for Difference P-value
WaterShell XC11122 27.79 0.029
SL 7870 30.0 0.166
Accurd’ 25 -35.2 0.019
DuraFornf PA -39.7 0.43
Boxplot of Watershed 0, Watershed 90 Boxplot of SL 7870 0, SL 7870 90
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Figure 4. 2-sample t-test boxplots comparing mioafuglasticity of @ and 90 builds for each plastic.
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Figure 5. ANOVA boxplots comparing moduli of ea#tyy of 0° and 90° builds of full experiment plast.

The WaterShétwas the most consistent per direction, but wivaalue of 0.029 (P < 0.05), there is enough
statistical evidence to conclude a substantiaétéfice between the moduli of each direction existe statistical
analysis also suggests the SL 7870 is the mosbfsot having the most overlap in the boxplots thelonly P-
value greater than 0.05. However, the larger datges are due to the scattered data resultingédroatic
geometry-type failures. P-values determined fahhloe Accurd 25 and the DuraForfnPA had statistical
conclusions that a substantial difference exigtsese differences imply that the materials arasaitopic, and
therefore not suitable for steel connection modgelin

6. Conclusion:

Without further research, an ideal plastic canmtthe chosen. The plastics tested displayed atyasf qualitative
properties, including ductility and brittlenessti®py and anisotropy. While SL 7870 is statisljcthe most
isotropic, high variance in results due to geométpe failures prevents the researcher from selgdhis material
for rapid prototyping connection modeling.

If a plastic had been chosen, the next resesteghwould be to calculate the scalar multipligrdorrelating
plastic to steel. A ratio of the RP modulus to stexel modulus would give the reduction multiplidten, stress
results would need to be verified. Finite elerrsmlysis was conducted to locate stress concenmigatiA physical
analysis would be used to verify stress pattennsh sis photo stress analysis. Photo stress anaysinon-
destructive testing technique based on the corafg@toto-elasticity. The photo stress analysis ld@thow
potential high stress concentrations that coulddsigned for structurally. Forces reduced by tadas multiplier
would be applied to the rapid prototyped connectimmel and compared against a steel connectionnaith
reduced forces to verify the correlation. Verifioa or disproval of a true plastic-to-steel coat&in would
complete this research.

6.1. future research:

Over the course of the research, additional facoose that should be considered in future resedrbe rapid
prototyping process has a large influence on thed Strengths and moduli of the materials. RPdsushould
specify as many variables as possible to be abisider and determine the affects of the variabheista have



consistent builds. When possible, specify, or tadde of scan speed, laser power, energy densityybpd
temperature, machine built on (if multiple machinésame type). Also, post-processing, such aekpbsure
time, of rapid prototypes affects final propertidhese variables should be taken into considera#oly on in
future research of rapid prototyping material prtips.
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