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ABSTRACT
In order to meetthe demands of industries and academic research, a cost effective
temperature control system was developed to provide accelerated heat up rates between
5-10°C/sec. This apparatus was used to perform tensile tests on a 70XX series aluminum

alloy todetermine mechanical properties at elevated temperatures.

The automated temperature control system is comprised of two propane torches which
heat each end of a tensile specimen during elevated temperature testing. Specimen
temperatures arecontrolled by aPID algorithm which regulates stepper motor position
and thus propane torch flame intensity. User inputs to the system are provided via a
graphical user interface, with overall system control provided by an Arduino

microcontroller.

Successful testing of ¢h70XX series aluminum alloy occurred at temperatures 6€25

225°C, and 42%C and strain rates of 0.05/sec and 0.5/sec. The results clearly show a direct
relationship between increased temperatures and material elongation. Yield and ultimate
tensile strangth, however, decreased in value as temperature increased. Strain rate had an
opposite effect on material properties and elongations as elevated temperatures, causing

yield strength and ultimate tensile strengths to increase and elongation to decrease.
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CHAPTER INTRODUCTION

Industries dependent upon material behavior are continuously seeking new technologies
to increase the performance of materials and to reduce production c@&pending on

the material and applicationextremely large amounts of research and testing go into
product development, with studies focusing on a variety of matepedperties For
example, Boeing focused on improving aluminum and titanium alloys to reduce weight for
the design of the 77.7This led to higlr strengths, toughness, and corrosion resistance in
7000 and 2000 series aluminum alloys, and increased damage tolerance, corrosion

resistance, and temperature resistance in titanium allgys

Of particular interest to thaesearch in this thesis is the testing of materials at elevated
temperatures.Thistesting occursin a variety of fieldssuch as the nuclear industry and in
structural development.The nuclear industry performs oxidation tests at elevated
temperatures toobtain data on advanced oxidation as well as oxidation resistfBje
while other research has investigated the effects of high temperature exposure to static
and dynamicmechanicalproperties of cement[3]. Definition of material propertiesat
elevated temperature is also critical to the metal casting industry. As technologies
improve, analytical models have been created to predict the material behavior of cooling
casts to prevent cracking and unmtad residual stresseJhese models rely heavily upon

research andiccurate thermemechanical dat#4].

Current high temperature testing methods typicalty on resistance heating that can be

initiated from a variety ofdevices.Direct resistance heating passes an electric current
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directly through the material1 2 KSIF G AG oF&aSR 2vV. Induktisn Y I G SN

heating however, does not directly contattet subject that is to be heated, but rather uses

a magnetic fil to induce an electric current in the material which then heats through
resistanceBoth of these types of heating apparatuses provide quick heat up times, but can
be fairly expensive to own and operate. Alternatively electric resistance heaters can be
employed, as they are inexpensive and easy to use. The heaters themselves are heated by
an electric current through resistance heating, but then transfer this heat to the specimen
indirectly. Because of thi®lectric resistance heaters are less efficiendahave slower

heat up times.

1.1 OBJECTIVES
Due to barriers in elevated temperature testing, such as low heating rates and high costs,
the objective of this reseancwas to

1. Develop acost effective elevated temperature testing apparatilat can be used
in conjunction with a senaydraulic testing frame. Requirements of the device
include maximum temperatures of 47@, andheating rates between-A0°C/sec.
Costs were to be held to a minimum, with a goal of under $1000.

2. Perform elevatedtemperature tensiletests to validate the temperature control
system anddetermine mechanical properties & 70XX series aluminum alloy
Testswere performedat three different temperatures25°C, 2258C, and 42%Cand
two different strain rates 0.05/secand 0.5/sec Specifically percent elongation,
0.2% vyield strength, and ultimate tensile strength values were to be analyzed and

evaluated.



CHAPTER ITERATURE REVIEW
This chapter will provide a brief background the material behavior andemperature
affects to materialpropertiesof aluminum alloysSandards and procedurefr elevated
temperature tensile testing will also be discussedBecausethe testing apparatus
developed in this thesis focus®n the elevated temperature testing ai 70XXseries
aluminum alloy the standardsand proceduregeferenced are those applied to metallic
alloys however,in theory the sameesting procesgs may be applied to nometals as
well. Currentelevated temperature testingacilities andtechnologywill also bereviewed
as will conceptpertinent to temperature control systes) such as the implementation of

PID process controllers

2.1 BEHAVI® AND PROPERTIESADBMINUM ALLOYS

Hevated temperaure testing iscommonly performed duringhe development ofmetallic
alloysand aids in theprediction of material behaior in extreme environmentg5]. For
example, environmental temperature and time spent at that temperature may afieth
amk G SNA I £ Qaandd Mitkdstiuature[6@ Vhe following sections will discutse
material behavior of aluminum alloysand the effects of temperature on material

properties.

2.1.1 FCC ALUMINMUMEHAVIOR
Aluminum alloys are polycrystalline structures formed from multple small crystals
arranged invarying orientations. These smallystak are referred to agrains, while the

edges between crystals are callgchin boundaies. The grains are comprised afattice of
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atomsoccurring inregular, repetitive patterrs similar to a gridThere are 14 unique lattice
arrangementswhichresult inspecific mechanicgroperties For examplealuminum has a
face centered cubic (FCC) lattice, as depictedhlyunit cell inFigure2.1, which allows
atoms to be packed as tightly as possiinl@ culic formation. The FCC arrangement has
atom positioned at each corner of the cube as well as along each face olilige Feor
metals, deformation occurs more readily along directiaighe cubewhere atoms are in
closest proximity to one another. These directions and planes of atoms caedwzibed
for any lattice structure using Miller indices. F&@minummay have alose packed plane
of the form {111} along thepd 0> direction as depicted iRigure2.1, as wellother planes

and directions occurring along the diagonal of the c(ifje

Deformation in polycrystalline metals begiwith dislocations, or line imperfections, in the

7/
|- (111)Plane
C
(001) Plane
A =
\ [110] Direction

Slip Plane and Slip Direction in an f.c.c. Lattice
Figure2.1: FCC Unit Celrom [8]
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crystal. These can occur durisglidification of the materiabnd when applied loads are

great enough to causeislocatons The movement ofdislocatiors through crystad is

known as slipand occursalongwhat are referred to aslip planes. A common slip system

for FCGaluminumis the {111} plane along thg%0> direction.If slip occurs, only a small

number of themetallic bonds throughout the crystal need to be broken to plastically

deform the metalandRA NB Ol t & | FFSOUG GKS bylinfeSeNdg withQa & G N

slip, the mechanical properties of a metzn be controlled

One method forpreventing the novement of dislocationss through the introduction of

obstacles Obstaclescommonlytake the form of interstitialdefects which are sites in the

crystal lattice where an extra atom is inserted. These atoms are typically larger than the
interstitial site hey occupy and cause compressive stresses in the crishlresist

dislocation movement. Grain boundaries also hinder dislocation moventéatause of

this, metals with finer grainsnd larger grain boundary areasgpically exhibit higher
strengths.Smaler grain sizes effectively increase the distance that dislocations have to

GN} ¢St G2 F2N¥Y || @2ARX IYyR IINB | FfSRagsiecBR o0&
solidification rates typically lead to smaller grain sizes, while slower tasebto larger

grain size$7].

Alternatively various means of hardening can be applied emhancethe strength of
aluminum Manufacturersof aluminum alloys employ a variety of methods such as work
hardening (cold working), solid solution hardenidgspersion hardeningand precipitation

KFNRSYyAy3Id [/ 2fR @g2N]JAy3a Syoz2yYLl aasSa |ttt NB
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leads toRA &f 20 GA2yad 2y RAFFSNByYyd at ALl LI FySa A
strengthening the materialSolid solution hardening is typical of most aluminum albs/g
involvesalloying elements being dissolved am aluminum baseAlloying atoms occupy

positions or empty spaces in the aluminum lattice, causing it to distort and restrict the
movement of dislocationgncreasing the strength of the alldpispersion hardenig occurs

GKSY FAYS LINIAOESAa 2F |y AyaztdzontS YIiSNA
obstruct dislocation movement. For aluminum alloys, this may occur by either the addition

of an alloy that chemically combines with the aluminuon each other to create fine

particles that precipitate from the metal, or lmpmbining specifiparticles with powdered

aluminum and then compressing the mix into a solidstly, precipitation hardening

consists of a solution heat treatment followed by an ageing @ssc The solution heat

treatment produces a supersaturated condition, and after quenching the material is
artificially aged at a temperature above room temperaturdlloys that undergo
precipitation hardening must contain enough soluble alloying elemeatsurpass the

room temperature solid solubility limit. They must also be capable of dissolving the excess
soluble alloying elements and then later precipitate them as components of the crystal
lattice. Care must be given during the precipitation reactianhsthat the components do

not become too coarse and detract from the strengthening potential of the precipitation

hardening procesf].



2.1.2 TEMPERATURE AFFEGNISIATERIAL PROPERTIES

Most materials exhibitemperature dependncies, with yield strength, tensile strength,
and modulus of elasticity decreasing at higher temperatures and ductility increasing. At
higher temperatures it is common for the brittle nature of a material to be reduced and the
ductility of the material toincrease. The transitiobetween these twofracture methods
occurs at the ductile to brittle transition temperatureshich is determined through impact
testing. Although impact test results are not always related to tensile test results, materials
with high strength and high ductility generally have good tensile toughness. Both test types

are importantfor predicting material behavior in extreme environmefii$.

Aluminum alloys at elevated temperatures typicaflyllow the same material property
trend as other materials, except when it comes to the ductile to brittle transition
temperature Most FCC metals, such as aluminum, do not exlaldiistinct transition
temperature, because the FCC crystal structure allows for higihewrbed energieand no
transition temperature[7]. However, FCC aluminunrgperties such astensile, shear,
compression, bearing and fatigue strengthave been found to follow the established
trends anddecrease withtemperature. These decreases in property vakihoughdo not
extend to the process ofge-hardening, which is performed at specific temperatuaages
and for only certairperiods of time.The elongation of aluminum is commonly found to
increase with temperatwe. Cold temperatures typically have a reverse effect on material
properties, resulting in increased tensile, shear, compression, bearing and fatigue

strengths, and decreased elongatid6$.
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This effect can be seen Figure2.2 which depicts stress strain plots of 6686 an FCC
aluminum alloy. From the plots it can be seen that 606 aluminum is not only
temperature dependent, but atsstrain rate sensitivgd]. Additional elevated temperature
research hagested 6061-T6 at temperatures of 2%, 100C, 200C, and 308C and at

strain rates of 10 s?, 10° s*, 10% s*, and 10" s* with similar results. The FCC aluminum
alloy was confirmed to be both temperature and strain rate sensitwth both yield
strength and ultimate tensile strength values decreasing with a corresponding increase in
temperature No significant strain rateessitivity was evidentluring room temperature
(25°C)tests; however,it becamemuch more prominenat higher temperaturesAt 300°C

the strain rate sensitivity was significant enough to result in a 20% decrease in elongation

when the strain rate was decased from 10 s*to 10* s [10].

6061-T6 ALUMINUM

60 — — 75°F
-==— 500°F
—-— 700°F
50 (65)
———————————— (130)
= 4.8X10-5
2 40 { )
o |\ W (18)
- - (54)
(NN
o 30 - -
= (23)
(V)]

N
o
\
1
\
|
\
\
\
|
|
|
i
I
1
1
|
|
-
o
“L_ﬂr

[
o

- -— (1x10-5)
| | |

3 4 5
STRAIN (%)

Figure2.2: Effects of Temperature and Strain Rate on 6086 Aluminum, adapted fronfo]




2.2 ELEVATEDEMPERATURE TENSE&TING

The following section will discuss in detail tensile testing, stress strain curve generation,
mechanical property calculations, and ASTM testing standards. Tensile tests provide the
means, while generation of the stress straumee provides the foundation for calculating
mechanical properties. Standards for elevated temperature tensile testing appear in ASTM
International E21. Testing standards specific to-femous metal alloys is also discussed in

ASTM International EZ11].

2.2.1 TENSILE TESTINSD MATERIAL PROPHERST
Tensile testing consists of placing a specimen in axial tension, increasing the load until
failure, and recording the corresponding loads and displacements. By measuring the load
and dsplacement stress and strain may be calculated, as define(@.i) and (2.2)
respectively. I(2.1) and (2.2), A is engineering stres® engineering strainPthe applied
load, Dnin the minimum diameter of the specimer,the gauge section length, and, the
original gauge section length.

0jo6 0] O z “Mm (2.1)

Y0j 0 0 0 jO (2.2)
When plotted, these values comprise what is known as the stress strain curve, from which
material properties may be calculate&igure 2.3 illustrates characteristi¢ensile stress
strain curves for mild steel, copper, and aluminapecimen. Strain is plotted on theaxis,
while stress values are plotted on theayis. For most metals, the initial portion of the

stress strain curve is linear, and is described as flastie region.This region follows
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1 22185Qa [ | 2 (2B)afor R Sirfiakigl Stiess stgheThe specimen will not

experience permanent deformation unless the &pgd load exceeds the elastic limits.

-20 (2.3)
A and rhave previously been defined, howevefA & |, 2dzy 3 Q& a2 RdzZ dza 2 7F
defined as the slope of the linear portion, and is a ratio of stress to strain. When the load
exceeds the maximum limit, the stress strain curve will start to bend over and the
specimen will start to experience peanent deformation. Yield strength, or yield stress,
and ultimate tensile strength (UTS) values may also be determined from the stress strain
curve after it bends over outside the linear region. For ferrous metals the yield stress is

typically a weHldefined point, where it can visually be seen that the linear region has

reached its maximum limit.

600 |-
450 |-
Copper

NE /
~
=
=

300
@ Aluminium
§ /
]

150

- 1l |
0 2 4 6
Strain, %

Figure2.3: Stress Strain Curves of Various Materjdiem [12]
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However, fornon-ferrous metals this point is less evident and is defined by extending and
offsetting the linear slope by 0.2%. This is called the 0.2% vyield strength (YS). Because the
research conducted for this thesis focgsmn applications specific to aluminum ajky YS

will refer to the 0.2% yield strength unless otherwise specifi¢liS calculations remain the
same for both ferrous and neferrous metals, and arelefined as the maximum stress,
experienced by the specimerfrorFigure2.3, the highest point of each curve is used to

generate UTS

Depending on the device used to record displacement measurements, stress and strain
calculations may be categorized as pseudo, engkged > 2 NJ (G NHzS® ¢KS €1 68S
for curves with strain values calculated using displacement values measutbd sting
FNFYSQa fAYSEN G NRAI LYY WRénTife SINIBTYisi askdf it i§ NI y &
assumed that the majority of displacement in the load train occurs in the specimen gauge
aSOUGA2Y RdzS (2 AGa NBRAzZOGAZ2Y Ay FNBFX 2NJ GfFf
However, there is some minimal amount of straiccurring in the load train outside the
ALISOAYSY 3A1KdzaS aSOGA2yd ¢Kdza GKS OdzZNBS A&
Engineering, and true stres¢rain curves both measure displacement relative to the
specimen gauge section, but calculate stressqglifferent methods. Engineering stress

strain curves make the assumption that reduction in cresstional area is minimal and

that stress can be calculated using the original, minimum, esestonal area of the

specimen. A true stresstrain curve onthe other hand, requires the instantaneous
calculation of stress and strain. In other words, the deformation in cross section must be

measured and used to calculate the stress at any given instant in time for the duration of
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the test. It is often difficulto obtain these measurements, and as a result a correlation has

been developed relating the linear region of the engineering stress strain darveiich

no deformation occurs, to the true stress and strain, as defineq2i) and (2.5). "
represents the true stress whilg is defined as the true strain for the elastic region.

LI P - (2.4)
1o - (2.5)

True fracture strength (TFS) may also be of interest and is the stress at which fracture
occurs, as shown bf2.6) [13] where Az IS the true fracture stressPyacis the load at
failure, and Dyacisthe specimen diameter at failure.

0 jO z'M (2.6)
Lastly, percent elongation measures the percent withpect to the original gauge length
that the specimen deforms during a tensile test taken to failure. The following equation

describes how to calculate percent elongation:

POa ¢ & Wb 0 0 j0 2.7)

Where %E/ong stands for percent elongatiory, is the measured specimen gauge length

after failure, andL,is the original specimen gauge length as is recorded before testing.

2.2.2 TESTING STANDARDS

To homogenize results across industries, the American Society for Testing and Materials,
now recognized as ASTM International, was formed. ASTM International publishes
standards and recommendations for use in resedfet]. ASTMnternational E21 lists the

recommended standards for tensile testing of metals and metallic alloys at elevated
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temperatures. Key standards taken into account while developing the elevated
temperature tensile testing apparatus are as folldws]:
1 2KSYy GKS aLISOAYSy 3tdAS tSyaitK Aa INBFGS
be measured at two separate locations along the gauge length.
1 The temperature gradient along the specimen gauge length should not vary more
than +~3°C
1 At setpoint (test temperature) the temperature should not vary more tharn3/C
2.3 REVIEW OF AVAILABIECHNOLOGY
When performing an elevated temperature tesite selecion of aheating device is critical.
Often, selectionhA & KA 3IKf & RSLISYRSy(d dzZl2y GKS RSOAOS
although all modes need to be taken into accoufir example, furnaces ovenstypically
used inconjunction withtesting framesprovide the majority of heat transfer through
radiation, but the heating elements are staggered vertically throughout the oven to
account for natural convection. Other factais considerincludegeometryof the heating
device limits of the mechanical testing apparatus, desired heating rafgscesscontrol,
and 0 KS R Sd8poisBedésdo a change in temperatureThe following section
introduces severalhigh temperature testing facilities and thichnologiesavailable at

each

2.3.1 GLEEBLE
The U.S. Army Armament Research Development and Engineering CéEateéf
Laboratories, used a Gleeble to assess the solid/liquid embrittlement of gun steels by

copper. Three types of steels in-motched and notched form were pulled to failure at a
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stroke rate of 0.127m/sec. Temperatures ranged between °86&nd 1,100C ad
specimen were heated to temperature in 3 seconds and held for a soak period for 10
seconds.The tests found that embrittlement of copper plated steels occurred at TQ00

but that there was only minimal evidence for it occurring at lower temperat{t&%

The Gleeble ystemsis distinct in that it combines separately controlled thermal and
mechanical testing systenj$6] i 2 LINE A RS LIK & AtheQdprbduciidnYodza | G A 2 Y
laboratory scaleand in real time, of the thermal and mechanical parameters of awesld

production proces$l7]® The Gleeble can reach heat up rates of 10,000 °Géseerform

elevated temperature énsile, compressive, and torsional tesi$ese heating rateare a

resultof i KS Df SSo f -fesisianck hehtiBgniiechanBrh, Tvhich passesekectric

current through thegauge sectionvhile isolating specimen end sections foraathment to

the mechanical test frameThe specimergauge sectiorheats updue to the resistant

nature of its material. Timegpplied currentmaterial resistivity and geometry all influence

the heating rate of thespecimen16].

Currently three models of the Gleeble exist. Bagpplications covered by the Gleeble 3180
include hot tensile tests, continuous casting simulations, weld HAZ simulations, melting and
solidification tests, and heat treatment testing. The Gleeble 3500 and 3800 can facilitate
these applicationsas wellas provide more functions and increased capabilified. With
increased functionality comes an increased cost. In 2010 the Department of the Navy
estimated a total cost of $878,553.00 for either a Gleeble 3500 or 3800 witohgion

and HydraWedge capabilitiea,required vacuum pumping system, water chiller, high flow
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guench system, mounting gauge spacer clips, strip heaters, heat control shims, installation
of the system, and training of personnf9]. The University of Cape Town in Southern

Africa also purchased a Gleeble 3800 in 2BB2 cost approximately $900,000.¢20].

2.3.2 INDUCTION HEATERS

BAM Federal Institute for Materials Research and Testing employs actimieater for

the thermo-mechanical testing of ceramic matrix composites. Specimen can be tested in a
vacuum or inert gas at temperatures up 1,7G0or in air up to 1,50C€ to determine
properties such as tensile strength, stiffness, and elastic/plastiormation behavior. The
testing apparatus consists of a 100 kN semvechanical testing machine coupled with an
integrated chamberSpecimens inside the chamber dreated by radiation through the

induction heating of susceptors surrounding the testogf1].

Induction heaters are commonly used to heat conductive materials, such as metal, for use
in metalworking, heat treating, welding, and meltingowever,they can also be modified

for the heating of normmetallic materias. The induction heateioperates by inducing
electrical currents withira metal, orwork piece using arinduction coil, metailvork piece

and an alternating current power supply. The induction coil is typically made out of copper
tubing, to enable watercooling, and is formed in coils around the worpiece. An
alternating currentis passel through the coilto generate an alternating magnetic field
This fieldinduces an electric current, or eddy currenivhich raises lte workpiece

temperature through Jole heating Joule heating occurs whethe work-LJA S Q&ufhi
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resistanceto electrical currentgproduces heatFerrous materials, such as iron, respond

best to induction heating because they are ferromagng2ij.

Effectivenessof the induction heater relies heavily upon geometry of the wprice and
induction coil, workpiece material,and magnitude and frequency of the applied ac
current. When designing the induction coil no set standards govern the design, and most
are formed basedrom experience.Thus design of appropriate induction coils takiese

and can be very costly[22]. Induction heaters themselves are not inexpensive and a

powerful heater can cost anywhere from $6000.00 and2§i.

2.3.3 ELECTRIC HEAT

Both the NASA Langley Research Center and Idaho National Laboratory (INL) employ
electric furnaces for material property testing4], [25]. INL useshigh temperature
furnaces that can achieve temperatures of 3,00Gnd autoclaves to test materials used in
nuclear reactor core and support structur@s]® b! {! Qa [l y3If Seé wSasSl
furnaces during elevated tempenate tensile testing of foijage metals at temperatures of
500°F [24]. Other facilities also use furnaces for elevated temperature testing. A
collaborative effort between Texas A&M University at Qatar, American Universityirof,Be

the University of Michigan, and the University of ENlerth of France was published in
Materials Science & Engineeridgtailing a study of AA 60616 under various strain rates

and temperatures. The testing process descsitieedetailed use of @omputer controlled

MTS Insight electrongbanical testing machine equipped with a L-B&ies Thermocraft

LabTemp laboratory oven (environmental chamber). Tensile testing of the-B®61
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specimens was conducted at temperatures up to ¥DOwith specimens kepin the
environmental chamber for 30 minutes before starting the test to ensure a homogenous

temperature[10].

Hectric heaters such as those used in laboratory furnac#gs,not heat the workpiece by
induction or resistance dating, but rathertransfer heat to the workpiecevia one ofthe
three modes of heat transfeilhe heateritself is heatedoy direct resistance heatingnd
that heat is transferred tahe work-piece by some combination of conduction, convection,

or radigion [26].

Electric heaters come in a variety of forms, such as strips, cablesulaesi Band heagrs,

a type of electric heater designed for extruders, were explored as a possidric
heating source for the developed testing apparaflise band heaters are cylindricaheet
elevated temperature requirements and cost around $75.0027]. However, due to
geometry limitations that restricted placement of the lch heaters, responsiveness of the
system was significantly limited. Thus, required heating rates and system stability could not

be achieved.

2.3.4 PROCESS CONTROL: PID

PID control is a very common process control method used in a variety of induBtgese

2.4 illustrates a generic feedback control loop block diagram that shdiws
implementation of aPID controllemwithin a process Simply explained, the procebggins

at some initial point and is adjusted by a control element until a sensor indicates that it has

reached the sepoint (SP). The sgtoint is some target value for the process, often a
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temperature, pressure, or volume, which is continuously monitioby a sensor. Readings
from the sensor ar&nown asprocess variable (PV) readings, and are reported back to the
PID controller. The controller then compares the \RMesto the SP to calculate an error
which dictates the magnitude of change that is te imade to the control elemenfThis

progression repeats until the SP and PV are equal to one another or within acceptable

bounds[28].
l Disturbances(s)
Controller
Setpoint (SP) Output Process Variable (PV)
PID CONTROLLER I PROCESS >
Measured
Process Variable
SENSOR <L

Figure2.4: Process Control Overvigdirom [29]

Before designing the PID controlldéri$ important to understand how @rocesssystem
functions. PID controllers can be designed to proydsitive or negative feedbacknd be

direct or reverse acting?ositive feedback is given by a controller that is programmed to
enhance the error between the PV and SP. In other words the PV gets driven further away
from the SP until process limits are readhThis type of feedbacis notconducive fouse

with automatic controllerswhere negative feedback igreferred Negative feedbaclkads

the controllerto isste outputs thatminimize the PV and Se€rror, increasngthe stability of

the system A direct acting controller is one for which an increase in procgasts results
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in an increase in the PVikewise, a decrease in system inputs should result in a decrease of
system outputs. For a reverse acting controller the opposite occurs. When inputs to the
system are increasedhe outputs see a decrease in valwehile for a decrease in inputs

the outputs will see an increase in valldany systems and most PID controllers are direct

acting with negative feedbadk8].

Looking inside the PID controllércan be seen that there aractuallythree modes of
control: the proportional (P), integral (I), and derivative (Bhile P and | control modes
can be used alone, the D mode is almost never used in this faghidpnand xan also be

combined together. The most common control nesdare P, PI, and PJ8D].

Proportional control, or gain,calculates a change to the process that is proportional to the
error between the PV and SR does not rely on past values of the Rdf does it take into
consderation the rate of change of the error. Thus P mode is computationally siamgle
easy to tune as there is only one input to altelowtever, it hasa downside: an offset
typically exists between the SP and PV for mostilmgadonditions.In other words,for a
given loading of the systerie controller may be able to brinthe PVto within the SP
bounds. For this same system and loadamgadditional disturbancewithin the process
may create an offset within the system. This occurs whencthr@rollerQ abilities are not
complex enough to handle the disturbanddanually we camccount forthis by adding an
output bias to theP controller calculationsas seen in the following equation:

Dw UL zZQ (2.8)
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For(2.8), MVis the manipulated variable or controller outpuk;is the controller gaingis

the error between the SP and PV, ahds the output bias. Wherthe output biasis a

&
Qx

predetermined constant, as is the abovase it is defined asi KS & Y I y dzhdfis N

altered by the usef30].

To automate the process of adjusting the bidgke Integral mode may be introduced.
Because the integral term automatically adjusts the bias, it is often referred to as
Gl dzi2YlF GAO NFB a Addiien ofzhNIntegdaktérm w bddtél®iicdléulations
allows the controller to account for past errors in its outputsdoes thisby summinghe

past errors to determine whether or not th&/V/needs to be increased or decreased. If the
sum of errors is positive this indicates that th/needs to increase, while if it is negative

then the MVshould be decreasedCalcubtionsfor the Pl controllerare shownin (2.9).
6o 0z £ oo
v (2.9)

In (2.9), 7;isthe integral timewith units ofminutes per repeatlf a fast integral response is
desired mathematically the7; inputs should be small Converselylarger 7; inputs will
result in slaver response times. This can be confusiwgich is whysome controllers are
designed to accept inputs of I/, for which a large input results in fast response times, and

a small input produces slow response tinia8].

Additionally the erivative term can be added tturther improve performance othe PID
controller as shown ifrigure2.5. Derivative control is based otie rate ofchange of the
product of thecontroller gain K and error, allowing for the controller to predictystem

responseainto the future. Themathematicaladdition of the D mode ishownin (2.10).

(0p))
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P

Do 020 a6 Yol
bw 0 v ) a6 (2.10)

The tuning parameter,7p, is the derivative time with units in minute&s mentioned
above, one of the benefits of the D mode is its ability to predict system responses. It also
allows the controller to respond more quickly to disturbances in the system load.
Sometimes, however, this can be of disadvantage. For especially syatems, D mode

will actually amplify the noise causing amplified controller responses and an unstable

system[30].
Calculate control actions
and multiply each by Error
add up all 3
— P
(subtract PV
from SP) +
+ +
Sp Error : Controller
—T I Output
_ +
- D

PV

Figure2.5: PID Control Implementation, frorf29]

Equation(2.8) is an example of a traditional PID. This is defined as a controller with a gain
that is multiplied tothroughl £ £ GKNBXS Y2RSa 2F IOR2NIMINRSfoe | 4N

PID allowsan ndependent gain for each mode of contad shown in(2.11).
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This allows the user to fine tune each parameter. A correlation between the traditional and

parallel forms of the PID can be seen as follows:

v L (2.12)

.0

b5 (2.13)
L0 2T (2.14)

Where Kris the proportional gaink; is the integral gain, an&p is the derivative gain.
These variables have perhaps less physical meawithgrespect to theiunits, but they do

allow for a more simplified tuning procefg30].
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CHAPTER FEMPERATURE CONTROENSILE TESTINGARATUS
DESIGN

Components of theoverall testing apparatusdesignwill be discssed in thefollowing
sections Section 3.1 wiltletail theinteraction ofii K S & &mdh&hicaDcdmponents.2
will discusssoftware design, and 3.3 widbmparethe costs associated with theeveloped
systemto those required by other elevated temperature testipéatforms Mechanical
components include specimen geometry, grip geometrytensile testing equipment,
displacement measurementthermocouples, shieldspropane torch support fixtures,
stepper motors the coupling devicetorque arm, pressure regulatorand the specific
electronicsincorporated into the designDesign of the software includes thgse of a
programmable logic controller set to respond to a PID control loop, and the
implementation of agraphical user interface (GUQosts for the entire syste are limited

to hardware purchases, and manual labor associated with manufacturing.

3.1 MECHANICAL COMPONBNT

The mechanical components of the system ensure heating of the test specimen for the
duration of a tensile test. Specimens are suspended in the deydoaulic testing frame
through use of a mulaxis gripping system while heat is applied, via flame, by two propane
torches aimed at opposite ends of the specimen. Temperature is varied by individually
changing the flame intensity of each propane torgiis is accomplished by activating a
stepper motor to regulate the single stage pressure regulator housed within the torch

handle. Each stepper motor is operated by the temperature control system which receives
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inputs from two thermocouples attached to thepecimen An image of the laboratory set

up is shown irFigure3.1, while Figure3.2 displays aliagram of system interactions.

3.1.1 SPECIMEN GEOMETRRIFGGEOMETRY

Specimen and grip geometry are interdependent aspects of the tensile testing process:
specimen geometry may dictate grip design or grip design may dictate specimen geometry.
Fa the purpose of this thesis, specimen geometry was selected first, and grips were
designed secondFigure 3.3(a) illustrates theselectedround specimen geometry. €h
round specimen has button head ends measuring 12 mm in diameter, a stepped section
with a diameter of 8 mm, and a gauge section diameter of 6 mm that is gradually reduced
by 0.2 mm to ensure failure at the center of the specimen. Note that the buttorl leeals

are filleted down to the reduced section. This fillet was designed to seat into a

Figure3.1: System Setup
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Figure3.2: System Overview

correspondingly filleted grip. Alternatively, the button head ends may be drilled through to
accommodate a pinned connection as showirigure3.3(b). The load trainmplementing

a seated grip connection is illustratedkigure3.4(a), while the pin connection grip option

is illustrated inFigure3.4(b). Figure3.4(a) and (b) also shoaithreadedconnectionpart, a
clevisgrip, and a square pinned connémh at the top and bottom of thdoad train. The
squarecomponens thread into the MTS sendoydraulic testing frame, while the threaded
connection m@rt allows for verticaladjustmentof the specimen position, and the clegsp
adds extra degrees of freedom. Thesetra degrees of freedom help rectify any minor
misalignments that may exist in the load tralhdisplacement measurement devices are
going be used, grip geometries showdtso be checked to avoid interference withhe

RSOAOSQa Gl OKYSYd LRAYyG FYR YSIEadaNBYSy

LJI



(@) (b)

Figure3.3: Specimen Geometries

(@) (b)

Figure3.4: Load Train Configurations
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3.1.2 TENSILE TESTING BEQAHNT

During development, all materials testing and validation was performed on an MTS servo
hydraulic test frame, model 312.21. This test frame has an actuator with a total stroke of
200 mm, and includes a MTS model 661.21 load cell with a maximum operatamaality

of 100 KN (10 metric tons). The MTS framepgerated bya Tes&ar Il control system in
either load or displacement mode, with testing procedures written geiformed via
Testware SX V4.0A software (TWSX). Displaceofetite actuator is measuretty the
LVDT. It is important to note that measurements obtained using the LVDT refer to the
displacement of the entire load train and are not specific to the specimen gauge section. If
necessary, displacement of the specimen can be measured to provide awourate strain
calculations. This is accomplished using an MTS model 633.11B20 extensometer with a
range of +Hn dmp € 2 Nand adircuitry Wosingemperature limit of 200C. To avoid
damaging the extensometen,estStalinterlocks may be set taigger a shut off of the test
frame hydaulics when the extensometer reachea reading of +/2.5 mm. Thus the
extensometer can safely accommodate a total displacement of 5 mm, which correlates to a
14.3%elongation ofthe specimerdescribed in SectioB.1.1. Depending on the elongation

of the material being tested, failure may or may not occur before M&S model
633.11B20extensometer reaches its limitOther extensometers that accommodate
greater elongations may be implemented, however, were not available for use during the

research performed in this thesis.

Tensile testing performed for this thesis measured displacements using theVDT;

however, the testing pparatus wasalsodesigned to accommodate axtensometer Due
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to the extension and temperature limits of the availaleletensometer a set of extended
arms were designed for theleviee. These arms doubled the extension range of the
extensometer as well @ moved the extensometer circuitgwayfrom the heated region.
However, increasing the extension range hdlvhe number of recordé data points.
When using the extended arm&quation(3.1) should beused to convert extensometer
readings to actual values:

Owo B pEPOwo Tty (3.2)
Where Extacwar is the actual displacement of the extended arms, aBkireading IS the
corresponding measurement recorded by the extensomeiére extended arms work well
if the elastic regiorof the material being testeds of sufficient lengthto record enough
data pointsfor an accurate linear fit correlabn. However, his was not the case ding
testing ofthe 70XX series aluminum allogue to its low yield strengthAlso of concern
were the effects of momentum and inertia acting on the extensometer circtitysing
when using the extended arms at high strain ratéhis is because thmass of thehousing
is located far enough from the attachment point that it cannot withstand the momentum

generated and causes inaccurate data collection.

Due to these failingghe original extensometer seip was reexamined. It was found that
the circuitry was far enough away from the heated zone around the specimen to be used
for tests up to 400C. Monitored temperature tests were performed at 3@and 400C

with results dispayed inTable3.1. It should be noted that shield design also contributed to

the extensometer temperature. The cone shaped top shield used with da¢ed grips
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directed heat from the flame towards the extensometer more than the pinned connection
grip shields.Becausethe temperature recordings reaching upwards of 160during
ramped heating,jt was determined that testing specimens above ZD0while sing the
originalextensometersetup would be detrimental to the extensometer circuitry.

Table3.1: Extensometer Temperature Monitoring

Extensometer Housinc

Temperature(°C) Time (sec) Temperature(°C) Notes
300 120.0 550 Atsome poi_nts during the heating process,
both tests displayed extensometer
400 120.0 87.0 temperatures of 150°C

3.1.3 THERMOCOUPLENDSHIELDS

Temperature regulation isnonitored through the use of type K thermocouplesd is
essential to the operation of théemperature control systemln accordance with ASTM
standard E21the thermocouples were attachedt eachend of the specimeo measure
the temperature acrossthe gauge sectiorof the specimen The thermocouples were
attached using clips made of 301 stainless steel stripsbn ny ¢ G KA Q{Thege n ®H p ¢
were fastened by2-56 x 0.2% socket head cap screws and nass shown irFigure3.5. The
design of these clips waselectedto emphasizea low profile, produdng a minimal heat
sink However,if the material being testedelongates and causes a significant reduction
crosssectional areathe diameterof the specimen camecomesmaller than that of the
attachmentclip, which in turn can resultii KS (i K S NJY 2pihg alr of tBe clipada LJ
redudion in contact with the specimen. Alternatively, welding thermocouples to the
specimen was considered. However, this was deemeceidgensive a task due to the poor

welding characteristics of aluminum and the quantity of welds necessary for completing all
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of the tensile tests. A secondary method consistwfgan alligator clip with a pted

thermocouple was also considerethe alligator clip was filed to have a curved attachment
point so as not to mar the specimen surface, and was potted with Resbond 906 High
Expansion Adhesive, an electrically resistant adhesive/potting agent. Although the alligator
attachment devices addssed the reduction in crossectional area, they proved to be too
great of a heat sink anthcreasedheating rates. A solution was found by moving the
thermocouples and clips further out of the specimen gauge section until they were in
contact with the 5mm radius shoulder. This solution worked as long as deformation

occurred in he center of the gauge section.

Testing was performed with thermocouples locat2d mm from each end of théest
specimen. Thignsured enough room in the specimen gauge sectwrttachment of an
extensometer, if desired, while still monitoring temperatures at the ends of the specimen
gauge sectionAs seen inFigure 3.5 the 27 mm was measad from the end of the
specimen button head tahe closest edge of the thermocouple cliwith thermocouple
beads positioned at the approximate mpbint of the clips. Symmetry of thermocouple
placement is important if a symmetric and accurate temperatymfile is to be
accomplished. Because the specimen is orientated vertically, natural convection affects the
gauge section heating profile. With symmetric thermocouple placement this discrepancy in
temperature becomes significantly apparent, and changethe system that would offset

the temperature discrepancy are more easily monitored. These changes to the system may
include torch flame position relative to the specimen button heads, and flame intensity.

Flame position may be altered by moving the toraezzle closer or farther away from the
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load train, changing the torch nozzles vertical position, or adjusting how many threads are

exposed at the grip connection point in the load train. Flame intensity may be varied by
changing the maximum motor positisnas well as adding fans to remove heat at lower

temperature settings.

Figure3.5: Thermocouple Clip Attachment

The thermocouplesvere particularly sensitive to direct flameaesulting in the additiorof

shields to the load trainimplementation of the shields helped guaagainst erroneous
temperature readings, as well protectéke specimen gauge section from direct flaened

hot spots. Shields were located between the propane torch flame and nearest
thermocouple attachment point andvere supported by the grips. For the seated
connection gripsthe top shieldg I & Y I y dzF I O& dzZNBSsRim Rtokki whghF 1 ® 51y
wrapped around the grip in a cone shapedamas secured by a pinned connection. It was

initially tight enough to support itself, but became loose with use and eventually required a
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wire hook to hold it up. The lowet KA St R 02y a A a fla fuashim$tgcR 1 dnwm

pieceswith slots cut tofit around the specimen. These shields rested flatlmntop of the
bottom grip. A second set of shields was desdyfer the pin connection grips. A
comparison of the three shields can be seenFigure3.6 and AppendixA displays the

drawings for these shields.

(b) (c)
Figure3.6: Comparison of Shield Types

3.1.4 TORCKSUPPORTS

As mentioned in the previous section, location of the propane torch nozzles is critical to
achieving a uniform temperature distribution along the specimen gauge section. The
purpose of thetorch supportsis to provide an adjustabléxture for the torch nozzles so
that heat may be applied to the specimen button heads. For both the seated and pinned

connection grips, torch nozzles are radially positioned in line with the center of the grip
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openings. Location of the torch nozzle relative to thétbn head in the z and x direction

can greatlyaffect temperatures in the gauge section, and may bejusted to account for

natural convectionA uniform gauge section temperature was accomplished for the seated

grips by locatinghe top torch nozzle at distance ofl.6& K2 NRA 1 2 y (i bpigtipd FNR Y
opening, and a distance of 0.60erticallyfrom nozzle centeto the bottom of the top grip.

The botbm torch nozzle was located 144 K 2 NJA 1 2 théibottof §rip SpedEny and

0.4& verticallyfrom nozzle centeto the top of the bottom gripFor the pinned grigetup

GKS G2L) G2NOK y211tS g1a t20F0SR mMdcyé K2NR
vertically from nozzle center to the bottom of the top griphe bottom torch nozzle was
locatedm®nné¢ K2NART 2y dGrffe FNBY GKS 062002Y 3INRL]
center to the top of the bottom gripAppendixA contains drawings detailing the locations

described above

The torch nozzle locationsere thoroughlytested to ensure that th temperature profile
along the length of the specimen wavithin the acceptable limits of +8 degrees. Once
these locations were found, fixtures were manufactured to suppthe torch nozzles.
These are comprised afteel plates press fit withstainlesssteel bushing through which
the torch nozzle camslide and adjust position. The steel plategare boltedto the square
grips d the MTStest framer one just below the load cell and another located on the
actuator. These attachment points allow both torchesstay centered on the button head
as long as théoad trainis not rotated out of alignment. An L shaped brackedasadded to
the bottom torch support to create a rigid membigr support of the propane cylinder. This

cautionary feature was addetb prevent damagehat could occurfrom the momentum
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and impact of the actuator moving at high strain rates. A safety wire siasgdded to the

top torch as a secoraty support point to relieve stress from th®p nozzle.Figure3.7
provides a detailed illustration of the torch supports, while drawings can be viewed in

AppendixA.

(a) (b)
Figure3.7: Torch Supports, (a)ifhed, (b)Seated

3.1.5 AUTOMATED CONTROLTBfE NOZZLE

Automated control of the propane torch nozzle consists of a stepper motorgque arm,
coupling device, and singlestage pressure regulat (SSPRalso known as a diaphragm
valve. Thestepper motor is used to open th8SPRyy turning a threaded connection
within the coupling devicea openthe valve Thetorque armwas implemented taalign
and maintain motorposition. Figure 3.9 provides an illustration of the torch/motor

assembly.
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Ignition of the propane torches requires fuel flow at or above a certain level. On an original
Bernzomatic TS3000 this is accomplished by turning the torch handle krakwide until

the ignition button can trigger a sustained flame. Flame size can then be regulated by the
torch handle knob; however for the purpose of this research it has been replaced by a
coupling device and stepper motor to automate the process. A GasaWi100 stepper
motor was selected for automation because of its relatively high torque, positional
feedback, and unbounded shaft movement. The use of a DC or servo motor was also
considered, but servo motors are typically limited to only 2180 shaft otation and DC
motors cannot provide positional feedback without additional hardware. The CanaKit
motor is rated for 0.23 Nn of torque, requires a 12 V power supply, and has & 4t&p

angle (200 steps/revolution). The 200 steps/revolution provides ehotggolution to
satisfy the temperature control system requirements, and the torque is great enough to
operate the torch valve without stalling at low fuel flows. One downfall of the stepper
motor is that if a torque greater than what it is rated for ispéipd to the motor, it will stall

out and lose its position relative to the valve. Because of this feature it is necessary to
define an origin, a minimum, and a maximum motor position. The origin refers to the zero
step point at which there is no flame, vd the minimum point has been defined as the
location where the torch can maintain the smallest flame possible without blowing out.
This position is necessary for setting lower motor limits in the system software code. For
implementation in this researchhe bottom motor minimum position was set at 203 steps;
while for the top motor was set at 204 steps. The maximum motor position is a user

defined input to the GUI so that it may be changed to satisfy varying heat rates. However,
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it is important to acknowedge that an upper limit for the motors exist at the position
where the motor begins to stall out. This position will vary depending on motor ratings,
and the resistance of the valve compression spring. This location was found to be at 700
steps for boththe top and bottom motor, however, a 50 step buffer was reserved and
upper limits were set at 650 steps. A fourth position, the ignition point, was defined at 600
steps, or 3 rotations of the motor shaft, for both motors. This location provides enough
propane for a successful ignition mixture. At the start of the temperature control program,
the motors ramp up to a position of 600 steps, at which point the user is signaled to ignite
the torches. After ignition the motors will ramp up or down to the GUIrdedi maximum

motor positions until the PID loop takes action.

By turning the torch handleknob the SSPR can be adjustéthe SSPR allows for the
regulation of fluid flow through a valve. Typically this fluid is a gas, as is the case for the
BernzomaticT'S3000The inner workings of a SSPR can be seEgure3.8(a),and consist

of a loading mechanism, sensing element, and control elementldadtngmechanism is
comprised of a pressure adjustment knob which applies a force to the compression spring.
As the spring compresses it transfers this force to the sensing element, or diaphragm. If the
force is great enough the control element will be activated, opening ohiéice by
unseating the poppet. This allows gas to flow from the high pressure inlet through the low
pressure outletwntil equilibrium is reachedin total, four forces act on the diaphragm and
contribute to the regulation of fluid flow. ABigure3.8(b) depicts, a downward force is
applied to the diaphragm by the compression spring, while the inlet gas, outlet gas, and

bonnet all apply upward forces. When the compression spring force is greater than the
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combined gas pressures and bonnet force, iteeh the diaphragm downward. This forces
the bonnet off its seat, opening the orifice, and allows fluid to flow from the high pressure

region to the low pressure region as seerrigure3.8(c) [31].

Loading Mechanism Force

Loading Mechanism
Loading Mechanism: Force
Compression Spring

Sensing Elemen t:

Diaphragm

Control Element: D /
Poppet & Seat (’n

Diaphragm deflected

Poppet & Seat

Opened \ -

HIGH PRESSURE Inlet Gas Force

(a) (b) (c)
Figure3.8: Single Stage Pressure Regulator, adapted fria]

HIGH PRESSURE

Diaphragmvalves are desgned toregulate outlet pressure, despite decreasitggh-side
pressures, such as would be the casethe propane cylinder. During the course of this
research, it was found that outlet pressure and flame sem@ained contant for a given
valve setting, unless the propane cylinder was nearing empty. Taridy became
problematic during prolonged testingand solutions and improvements fothis aspect of

the design are provided I@HAPTER.6:

Another issugresented bythe valveis thatvertical movemenisrequired to compress the
valve spring against the diaphragm. Althoughe motors provide adequate rotational
movement, theydo not provide linear movement to compretise valvespring. This was
solved by designing an aluminum coupling device to interface betweestéppermotors
and pressure regulatarA flat spotwasground intothe section ofmotor shaftthat slides
into a hollowed out section of 0.3Y &ODall-thread. The shaftis secured bya set screw

andthe allthread is inserted into the center of the coupling deviG@us, rotation of the
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motor shaftthreadsthe altthread in and outof the coupling deviceAlso housd in the

center of the coupling device is tlogiginal SSPBompression spring which interfaces with

the altthread via a ball bearing to reduce friction and torquethe motor. The other end

of the spring is fitted with a brass cap that presses agahestiaphragm and bonnet when

the spring is compressed. The coupling device connects securely onto the valve chamber by
threaded connection, replacinthe original brass fittingand plastic knobof the torch

handle Figure3.9(b) provides an exploded view of the motor assembly for whiclndngs

can be viewed in Appendi

(a) (b)
Figure3.9: Motor Assembly

Also attached tahe motor assemblys a torque arm. This feature walesigned to keep
the motors alignedo the torch nozzle handlegallowing the motor shaft to rotate relative

to the motor housing, rather than letting it spin freelyhe torque arm keeps the motor
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housirg fixed with respect to the torch handle while still allowing for vertical movenoént

the valvewithout stalling the motorlt is comprised of @ ¢ 2 y28, hex hatthat fits
through a slotted plate attached to the motor housjngnd threads into he coupling
device. This set up of the torque amvas found towork nicely for tests run in LVDiiode;
however, it created too much vibration for accurate teisig results wth the extensometer.

To dampervibrations,a0.312p ¢Drubber grommet vasadded toeach torque arm setip.

3.1.6 ELECTRONIC HARDWARE

The eéctronic hardware isresponsible for obtaining and communicating inputs and
outputs to and from the PID control loofropane torch motor control is Aeved by
coupling a SainSmartid with a SenSmart 239D Motor Drive Shield. Temperature control
is regulated by coupling thé&Jno with two Adafruit Thermocouple Amplifier MAX31855

Breakout Bards. A t-up of the electronic hardware is shown in Figure3.10.

Simply put, the SainSmart Uno, as showrrigure3.11, is a small computer that can be
programmed to perform a variety of tasks. It is a clone of the Arduino Uno, ansmece
computing platform, comprised of a microcontroller board and an integrated development
environment (IDE) for writing software to ol the board. Arduinos were originally
developed to provide a simple, inexpensive microcontroller platform for students and
teachers; however, it has grown in popularity due to the fact that all of the technology

behind the hardware and software is akadle for anyone to view, use, or develop. This

4
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Figure3.10: Electrical Overview
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needs. Another benefit is that its IDE is compatible on multiple operating systems,
requiring only a USB port and cable to program the microcontroller. This makes the

Arduino plugand-play capable, eliminating the need for an external programmer.

Arduino produces a variety of boards, the most common of which is the Arduino Uno.

Currently three revisions of the board have been released, however the board used for
work inthis thesis is a clone of the Uno R2, and it is this version that will be discussed. The
Uno R2 features an ATmega328 microcontroller, and has a 16 MHz ceramic rest#ator,

digital input/output (1/0O) pins, 6 analog inputs, several pins for ground and poarein
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circuit serial programming (ICSP) header, USB interface, power jack, and reset button. The

USB interface is used for programming, serial UART communication with the computer,

Figure3.11: SainSmart Uno Microcontroller Board, frof@2]

and can be used tpower the board. The UART is also available to the digital pins 0 (RX)

and 1 (TX). Six of the digital pins can be used as-putith modulation (PWM) otputs.

The SainSmart Uno was selected to operate as a programmable logic control (PLC) due to
its ease of use and minimal cost. Specs for the SainSmart Uno match those of the Arduino

Uno listed inTable3.2, except for one minor difference: the SainSmart Uno board has a 16
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MHz crystal oscillator instead of a 16 MHz ceramic resonator. The SainSmart Uno is also
100% compatible with the Arduino IDBecause the Arduino programming language is
C/C++ based, it allows for sharing within the open source community, expanding resources
available to the programmer. Several open source libraries were used to program the
temperature control, including one fomotor control, thermocouple readout, and PID
control. The implementation of these libraries will be discuskddr on in the chapter
Anotheradvantage of using the Une that the board has USB overcurrent protection and

a voltage regulator. USB overcent protection provides an extra level of safety in the
FT2NY 2F || NBdzalofS LRteFdzaSd® ¢KAa FdzaS LINERU
and current greater than 500 mA. The Uno board also incorporates a voltage transformer
that can step power p or down from the input jack to an operating voltage of 5V. The
recommended power input ranges from12V, although the Uno can handle26V.
Operating at power levels less than the recommended range can result in the 5V pin
outputting below 5V, while opeating above recommendations caneteat the voltage

regulator,damagngthe board[33].

A Sainsmart L239D Motor Drive Shield was purchased to operate the stepper motors. It is
capable of running two stepper motors, two serawtors, or up to 4 bdirectional DC
motors at once. The motor shield incorporates a L293Ehannel driver, or Hbridge, to
control motor direction. The Hridge is an electric circuit that allows a voltage to be
applied across a load. It contains 4 s#s which are activated 2 at a time to apply a
positive or negative voltage to the motor which causes the motor shaft to rotate clockwise

or counterclockwisg34]. Connection to the Uno occurs by stacking the motor shield on



43
top of the Uno as shown iRigure3.10, snapping it into place. Activation and speed control

2T (KS Y202NBR IINB tAYy{SR (2 (GKSdtowhefdsi RAITA
stepper motor and pins 5 and 6 connect to the second stepper motor. Digital pins 4, 7, 8,

and 12 drive the stepper motors via the 74HV595 saaglarallel latch, while pin 9 is for

servo control of the first motor and pin 10 provides secamtrol of the second motof35].
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by communicating over serial, requiring the implementation of a different motor shield as

will bediscussed iICHAPTER.6:

Table3.2: Arduino Uno Rev2 Specificationfsom [32]

Characteristic Value Units Notes

Microcontroller ATmega328

Operating Voltage 5 \%

Input Voltage 6-20 V 7-12 recommended
Digital 1/0 Pins 14 6 of which can be used for PWM output
Analog Input Pins 6

DC Current per I/O Pin 40 mA

DC Currenfor 3.3V Pin 50 mA

Flash Memory 32 KB 0.5 KB used by bootloader
SRAM 2 KB

EEPROM 1 KB

Clock Speed 16 MHz

For accurate temperature readingd)ermocouple require a good amplifier with a celd
compensation referencesuch as is provided by the Adafruithermocouple Amplifier
MAX31855K breakout board3he MAX31855KBreakout Board was selected for use

because iprovides both of these functions, ansl specifically designed tead the voltage
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across Kype thermocouple leadsVoltage is measured across the thermocouple leads,

amplified, and converd to digital form to be sent via serial communication to the PLC.

However, i the thermocouples are surrounded by a noisy environmen@.01" F may

need to be addd across the thermocouple leads reduce the noiseSpace on the motor
shield is limited, and the MAX31855Ka0 is connected to the Uno vjamper cablesand

a breadboardExtra circuitry was added to the breadboard to account for the fact that the
MAX31855 boards are not compatible with grounded thermocouples. Further discussion
on this topic is included itater in the chapteras itdirectly affects software programming

methods[36].

3.2 SOFTWARE SYSTEM GHESI

The TemperatureControl System (TCS) is comprised of two subsystems, the PLC and the
Human Machine Interface (HMI). The PLC is responsible for reading temperatures and
setting motor positions through the use of two separate PID control loops. The HMI is
comprised of a stadalone computer running a custom GUI written in Python using the
PyQt graphical toolkit. Additional modules are also used to assist with communication and
RFGF YFyF3aSYSyido ¢KS | aLQa LINAYFNE NBalLRyaa
TCS, angbrovide the user with a real time graphical display of time, temperature, and
motor position data. After initial communication is established between the HMI and PLC,
the TCS is designed to carry out a sequence of events, culminating in the termination of
motor movement.Programming of the TCS code is discussed in the following sections, with

an overview of the software componenisted inTable3.3
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Table3.3: TCS Software Components

Refs. Cat. Name Description
PID_Motor_Control PLC sketch
O AFMotor A class used to control the sermaotors
—
;I EEPROM Library to manage reading and writing dataB&BPROM
O . . . .
[ Adafruit. MAX31855 Arduino Library desigrd to ease the use of thmMAX31855
thermo-couple breakout boards
PID_vl.h PID control library
GUIL_PID.py Defines the GUI of the HMI.
com_monitor.py Defines the ComMonitorThreadflass, which resides in its own
thread and reads data from the serial port and posts it to
s LiveDataFeed()
I
(/)I live_data_feed.py  Defines LiveDataFeed() class. Stores/returns the most recent
(,3 from ComMonitorThread()
PyQt4 Python bindings for Qt4 a powerful cross platform GUI todt
eblib A package that provides access to the computers short and full
port names, and all the data in a queue.
_ future__ Provides future Python 3 changes to Python 2
sys Providesaccess to system parasters used by the Python
% Interpreter
~ 5 , . A A <
o~ S Queue tealiK2yQa odAatd Ay vdzSdS 6KAO
&§©T from TCS_PLC
€8 , : e
& £ collections teiK2yQa | A3IK LISNF2NXI yOS 02
1) for storing plotting data
time Used to keep track of time.
PyQt4 Cross platform graphical toolkit originally designed for C++

3.2.1 PLOOVERVIEW

In order to regulate testtemperatures viamotor position, an Arduino compatible

microcontroller was implemented as a PLC to mantdgePID algorithm, motor control,

and temperature readings. The selected SainSmart i$ 100% compatible with the
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Arduino platform, and is programmed through the Arduino [BH. The Arduino program,

or sketch, utilizes the availability of several open source libraa®syill be discusse€ode
for the sketch is broken into three sections: global declarationss#tapfunction, and the
loop function. The following is a disca®n of this code, with excerpts from the sketch

appearing in boldA copy of the sketch is included in Apperdix

For ease of understandingjgure3.12 provides anoverview of the PLC code layodthe

first section of the sketclis labeled global declarations. This section is technically not a
function, but rather provides support fothe operation oflater functions.Figure 3.12
illustratesthe importation of libraries, assignment of pins, reading of motor positions to
the EEPROM, declaration of variables, assignment of constants, and creation of objects for
the global declaratin section occurring in a sequential mannkr reality the sequence of
events does not affect the program; however, it is important that these actions occur
before any other functions are implemented@ihe setup function follows, andigure3.12
depicts the necessary steps to prepare tHC for applicationof the PID control loop.
Unlike the global declaration section, the setup function does require sequential
organization as the order of events is important. Lastly the loop fundiashown. As its
name implies, the contents of the loop arepeatedlycycled through. This section contains
logic for merging motor control, temperature reading, and PID coniffbk following4
sections will walk through the PLC Arduino code step by step, which can be viewed in its

entirety in AppendibC



‘ Import libraries ‘

‘ Assign pins ‘

v

‘ Read motor positions from EEPROM ‘

v

‘ Declare variables ‘ 5

'

‘ Assign constants ‘

'

’ Create motor, thermocouple and PID objects ‘

""""""""""""""""""""" | Giobal Declarations
‘ Establish communications with HMI ‘

v

‘ Power off thermocouple boards ‘

v

‘ Ensure last shutdown was clean ‘
‘ Ensure motors are at position zero ‘
’ Receive testing parameters from HMI ‘

v

‘ Set initial PID and motor settings ‘
| ' .
‘ Set motors to idle ‘

'

‘ Start ignition sequence ‘

ﬂ Read Temperatures ‘

' Update HMI

‘ Compute PID Values

- - -

’ Move motors ‘
5 v :
% Check for commands from HMI ‘ §
T idioop()

Figure3.12: PLC Software Overview
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3.2.2 GLOBAL DECLARATIONS

The first part of an Arduino sketatheclaresglobal items. Items which are global can be
accessed by all other functions within the sketch, eliminating thedneepass variables
between functions. This section includes the importation of libraries, and declaration of

variables, constants, and objects.

Currently the sketch utlizes the AFMotor.h, EEPROM.h, Adafruit MAX31855.h, and
PID_v1.h libraries which argitialized by the keywordtinclude . The EEPROM.h library

is a standard Arduino library whose purpose is to read and write data fronkldwtrically
Erasable  Programmable  Re@hly @ Memory EEPROM AFMotor.h  and
Adafruit. MAX31855.h libraries were both obiaed from the Adafruit website and
interface with the motors and thermocouples respectively. The AFMotor.h library allows
for simplified control of the L293D motor shield. Note that the library has been slightly
changed to support simultaneous movement tofo motors. The Adafruit. MAX31855.h
library is used to read temperatures from the thermocouple breakout boards via the
readCelcius() function, whilethe PID_v1.h library defines a robust PID algorithm that

accepts a series of inputs and parameters, anduates outputs for the control process.

Once the libraries have been initialized, pin assignments are created. The L293D motor
shield does not require pin assignments as its pins are physically constrained to mate with
those of the Uno board. However, thdAX31855 board does require pin assignngent

Digital output and clock assignments are shared over the same pins for both boards, while

chip select and jy¥pinsare assignedeparately.
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After pins are assigned, temporary motor position variables iargalized and stored
values from theEEPROM anmead to them.TheEEPROM maintains its memory even when
the board is turned off, providing an idefmrm of storage for motor position dataA flag

which indicates if the motors were moving during shuithois also stored tathe EEPROM.

Next variables are initialized and defined. As previously mentioned, the variables in this
section of code are global, and do not have to be passed into functions throughout the
entirety of the program. The values of these nables canbe changedas long as they
maintain the type to which they are castThose variables cast asrstant take up less

program memory, but their values cannot be changed.

Objects are then created based on the imported libraries and inclaBeStep per ,

Adafruit MAX31855 , andPID. TheAF_stepper (steps, num) motor object is

initialized with the value ok n na 0 SLJAKNB G yR (GKS ALISOAFTAO Y
driver shield. TheAdafruit. MAX31855 (SCLK, CS, MISO) object is created with

the previouslyassigned clock, chip select, and digital output pins as attributes with respect

to the corresponding thermocouple. ThelD (*Input, *Output, *Setpoint,

Kp, Ki, Kd, ControllerDirection) object isinitializedwith three pointersand

four parameters.The*l nput pointer,temps stores the most urrent temperatures. The

*Qutput pointer, bottomOutput and topOutputis where the PID object stores the next

calculated motor positions. Th&Setpoint  pointer, desiredTemp stores the target

temperature that the PID is trying to maintaiKp, Ki, and Kd are the initial tuning
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parameters, andConrollerDirection is set asDIRECTindicating that an increased

input will lead to an increased output.

3.2.3 VOID SETUP

Thefunctionvoid setup() is a function that is ran at the beginning of the sketch and
will only run once per power cycle of théno. Because the function is only ran once, itis a
convenent location to placecommands which only need to be ram startup, such as
setting the values of variables, pin modeand setting object parameterdnside the
function, communication is established with the HMI, and the data rate is set to 9600 bits
per secondpinMode for the MAX31855 boards sethe power pins toOUTPUTSo that

they may be independently powered on or off. This becomes necessary later in the
program when ground looping must be accounted for. The function also checks the

EEPROM for indications of an unclean shutdown of the Uno.

Next,moveMotors(0) is issued and the motsrare moved to a starting position of zero
steps if they are not already there ol that the inputO to the function does not signal a
move to zero steps, but is an operational mode. fTin@veMotors () function begins by
checking to see if the motors arrrently at the predetermined desired location. If they

are not, it calculate the number of steps the motor needs to mqvand constrains it

within a starting position of 0 andn end position of 1200 stepd hisprevents the motors

from attempting to exeedli KS a&a i SyYQa . Yhé ticliostherOcheicks fo 5e¥€ A (1 &
if motor speeds have been changed, and recalculates the speed at which the PLC needs to

control the motors. The motodirectionis determined, and finally the motors are signaled
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to move. This part of themoveMotor () function code wasimplemented from the

AFMotor.h library and revised to control the simultaneous movement of two motors.
Before the function ends, the new motor positions are saved by
saveMotorPosition() , a function that willbe discussed later, and the motors are

GNBf SIFAaSRé 2NJ LR2gSNBR 2FF a2z a (2 LNBGSyil

After the moveMotors () function is issuedreceiveParameters() is called and
waits to receive parameters specific to the temperature -geint, maximum motor
positions, andP, |, and D parameters amntered by the userfrom the HMI. The
receiveParameters functiowaits in a while loop until serial from the HMI is detected. The
while loop calls therintStatus () functionto continually update the HMI witburrent
motor and temperature dataUponexit from the while loop, valuesf the parametersare

read.

After successful reading of the inpptarameters both PID loopsare configuredusing
functions from the PID_v1.h libraretTunings (Kp, Ki, Kd) updates the P,I, and D
gain values, whiléSetMode (Mode) defines the PID algorithm mode. The mode can
either be AUTOMATI®r MANUAL Automatic mode describes a closed feedback loop
where the feedback is used to adjust the outputs, while manual mode is tpmred
without feedback and the user manually adjsishe outputs. SetOutputLimits (Min,

Max) defines the range for the PID output in terms of motor position limits, and

SetSampleTime( NewSampleTime) sets the PIzomputation time inmillisecond.
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The setSp eed(rpm) function from the AFmotor.h library allows us to set the motor
speed in RPM. However, the function has been modified to return the required delay, in
microseconds, between motor step movements. This value is savespass tep and is

of significarte becauseit is required by the custom functiomoveMotors () , as

discussed above.

Lastly, lightFires() is called to start the heating process. This function begins by
sending a message to the HMI indicating testing is ready td.stée function then
remains in a while loop, continuing to update the HMI wghnt Status() , until it
receives the start triggesst from the HMI.At this point themoveMotors () function is
called, andthe motors are moved to theirignition locationsat 600 steps. Starting
temperatures are also noted, and after tHattom temperaturerises3 degreeshe PLC
sendsthe commandd / a5 Y {td honiffi teRMMI that ignition has occurredrhis

concludeghe void setup() functionand the sketchmoves orto the void loop()

3.2.4 VOID LOOP

After the void setup () function, the sketch continuouslyruns the void loop()
function until the PLC is power cycled. The loop begins by callingrihStatus()
function to report the motor positions and temperaturedso the HMIL Next the
bottomPID.Compute() and topPID.Compute() , as defined by the PID vl.h
library, are called. When these functions are called, thieference the recently read

temperature values and evaluate the PID algorithm to compute new motor positiad.
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moveMotors (0) moves the motors from their current position to their newly computed

positions. LasyiparseSerial() is called to check if more data is available to read.

3.2.5 SUPPORTING FUNCTIONS

saveMotorPositions(bottomDesired, topDesired) recordsthe bottom ard

top motor positions to the EEPRONBecause the motors are allowed to move to a
maximum position of 1200 steps, and the EEPROM is comprised of 8 bit bytes, two bytes of
EEPROM must be used to save each motor posifiba.task of saving the inger valueto

two bytesis presentedas follows The first byte stores the number of times the motor
position is completely divisible by 256, or the maximum value of one byte. The second byte
stores the remainderAfter each value is computed, they are saved to tB®EOM. The
motor position may then be determined by multiplying the first byte by 256, and adding it
to the second byteln the moveMotors () function, a flag is set to indicate that the
motors have started to move. This flag is then &etow in saveMotorPositions()

after the values have been successfully savids provides the ability to deterime if a
power loss/cycle occurs while the motorseamoving. If a power loss/cycle ocsuturing

motor movement the position of the motorsould be recaded incorrectly whereas if it
occurswhile the motorsare stationary, their positions are known, anthe PLC magafely

return the motors backo a position of zero.

printStatus() is called tocommunicatethe motor positions and temperaturover
serial Motor positionsshouldalready be stored to a variable and are directly referenced by

the printStatus () function. Temperatures on the other handare determinedby
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calling readTemps(&temps[0]) , Which saves both temperatures to an arrayhe
readTemps() function is responsible for reading bottemperatures through the
brealout board. Because of limitations of the breakout boards, ground looping issues
occur. These issues aprcounted forby quickly powering on and off the MAX31855

boards, resulting in eninimum cycle time of gproximately300 ms

3.2.6 HMIOVERVIEW

The HMI is a GUI designed to display a centraithes plot displaying motor positions and
temperatures with respect to time. Above the plot, information pertinent to the test is
displayed and peodically updated throughout the test as needed. These fields include
temperatures, motor positions, and heating rates for the top and bottom heaters; com
port information; and the total test time with a 3 second countdown timer for wiberh
temperatures ae within set-point boundaries Figure3.13 provides an illustration of what
the GUI looks likeThe HMI igrogrammed in Python, and c@mprised of a PyQt GUI fike,
thread safe serial com monitor, and several other utilities. It is derived from a Python PyQt
reaktime graphing demonstration program nameglotting _data_monitor [37]
accessible at GitHuf88]. The following sections willollow the Python code as found in
AppendixB and discuss the independent HMI components, and how they interact as a

whole.
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Top Heater Bottom Heater Com Port Info TestInfo
Temperature: MA Temperature: MA Selected Port: | - Test Duration: NA
Motor Position: NA Motor Position: NA Baud Rate: m u

Heat Rate: NA Heat Rate: NA CydeRate: NA _
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Specimen Name:
SetTemp:  ang Top Max Motor Position:  g5p Bottom Max Mator Position: g5 PIDp: 4p PIDi: 5 PIDd: ppg
[ Stop | Connect

Monitor idle

Figure3.13: GUI_PID Display Screen

3.2.7 QT(PYQT4)

Qt is an opersource framework specific to developing graphical user interfaces (GUI), that
can be implemented across many platforf®]. This framework was selected for use
because it provides high level graphing capabilitias welldocumented application
programming interface (API), an extensive online development community, and is actively
developed. Qt is currently on its fifth version; however tre developed GUI was
implementedusing Qt4due topackage dependencies for Qvat compilation of classes and
widgets forplotting. Qt is written in C++, but bindings have been developed for various

programming languages, including Python.
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modules, with the modules QtGui and QtCore being usHte QtGui moduleontains most
GUI classes, while QtCore contains essentiat@oh related classes. Especially important

is its implementatiorof signals and slots for dealing with eveft§)].

Signals and slots are used to communicate between objects when an event occurs. A signal
is emitted when a certain event happensghileaslot is typically a Python callable which is
called when the signal connected to it is emitt@te version ofPyQt4.5 aprogrammed

for use in this thesisintroduced a new style APl whidmplementsthe key phrase
QtCore.SIGNAL (‘clicked()") to emit a signal. The concept of signals and shas
instrumental in the creation of the HMI as it allowed for the userirteract andselect

buttonsto ease the control ofertainaspects of theemperature controlprogram[41].

3.2.8 EBLIB

The eblib is a package of utilitip#] used by theplotting_data_monitor [37]. The
serialutils and utils modules from eblib define fofunctions, full_port_name() ,
enumerate_serial_ports() , and two communication thread-safe functions
get _all_from_queue() , get_item_from_queue() . Thefull_port_name()

function gets the full serial port name based off the provided short name.
enumerate_serial_ports() uses the windows registry to return a list of serial com
ports (shorthand names). Thget_a |l_from_queue() function gets all the items from
any queue without hanging up the applicatisrhenthere are no items in the queue. It is

used in conjunction with thedata from_arduino gueue, which is shared with the
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com_monitor object and runs in its own thread. Thget item_from_queue()

function attempts to get single items from the queue, however, if 0.01 sec passes without
the function finding anything, it returnsoneindicating an empty queue. It is also used to
check for erors from theerror_queue  which is also shared witbom_monitor . In
summary the eblib utilities are important because they allow for the acquisition of the
short and fullserial port names, as well agrovide functionsthat can access one or all

items from a queud43].

3.2.9 COM_MONITOR

The com_monitor module is included to provide communication over the serial port
using PySerial, by implementing a run function to continuously read and write to the serial
port in a thread safe marer [38]. PySerial is an imported module for the purpose of
F0O0SaaAyd GKS O2YLJzi SNDa aSNARIf LER2NIP® LG
Python, depending on which operating system is in use. PySerial is knows @woss
platform ease of use, as its syntax remains the same despite being used with different
operating system$44]. Thecom_monitor module [37] was originally designed to only
receive informaton; however, tweway communication was desired between the HMI and

PLC. A small modification was made to the code, resulting in the successful sending and

receiving of messages.

3.2.10 LIVE_DATA _FEED
Thelive_data_feed module containsLiveDataFeed() , a class tat houses new

data and allows the user to post or read data from it. It also keeps track of whether the
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new data has been previously re@B]. With respect toGUI_PID, live_data_feed

provides a location for the GUI to store tda and allows the function
update_info_and_plot () to quickly decide if new data exists and whether the real

time plot needs to be updated.

3.2.11 GUI_PID

TheGUI_PID is the script file that creates a GUI for the HMI. It consists of a central widget
and status barFunctionality is brought to the widget by adding labels, fields, and displays
which are organized by boxes. Placing the boxes in the widget arranges the overall look of
the GUI, and allows for customization. The GUI also communicates with the PLC to
populate specific fields or displays. To achieve these redglti, PID defines five classes

as discussed below.

The CoupledBox(QtGui.QWidget) class combines a label araltype of field to
create an information display. The field may be defined a&3Label , QLineEdit , or
QComboBox QLabel displays textQLineEdit displays a single line text editor, which
is commonly used as an input box; a@€omboBoxdisplays a dropdown list. These fields
are used to accommodate user inputs and show relevant test informaiitws class was

created to simplify the main GUI display and standardize formatting.

The RealTimePlot(QWidget) class produces a redime plot of selected data vs.
time. Its main purpose is to set the graph backgrounds, @xipertiesscales, and legends
Motor positions and bottom and top temperatures vs. time are plotted by the

RealTimePlot(QWidget). The RealTimeCurve( Qwt.QwtPlotCurve ) class
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defines curves based on the available data as well as determines such parameters as solid

f AySa ¥ 2 Nisplag Solo® dzNd8 Sufvas, aRd settingyes on both the left and

right sides of the graph.

The MyLCDCounter(QLCDNumber) class creates a countdown timer with L2
digits. The timer counts down from three seconds when the top and bottom temperatures
are within bounds of the temperature s@bint. If the temperatures slipelow or rise
above the bounding temperatures the countdown timer will wait until the limits are again
met to start over. The timer is based off tligtCore.QTimer class and automatadly

updates the LCD numbers.

The PlottingDataMonitor(QtGui.QMainWindow) class is the main class of
GUI_PID and is responsible for creating and managing graphical entities of theT@GidI.
class uses the data typelequeues and lists tetore data, initializescom_monitor and
live_data_feed , and finally creates and managdsUl specific components. The
PlottingDataMonitor(QtGui.QMainWindow) class is comprised of four sub
functionscreate_status_bar() , Create_top_info() ,create_mid_plot() :
andcreate_bottom_  inputs() .create_status_bar() creates the status bar for
displaying text messages from the PLcf@ate top_info() creates and populates a
box at the top of the GUI widget to display information about the top motors and
temperatures, bottom motors and tempatures, communication of the program, and test
information such as total time and status. Toreate_mid_plot() function creates a

reattime plot displaying motor positions and temperatures vs. time. It also includes a
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button for turning a curve displayirthe delta between the sepoint and top temperature

on and off. Thereate_bottom_inputs() function creates and populates two boxes

at the bottom of the GUI for user interactions. The topmost box has entry fields for
specimen name, sqtoint temperature,top and bottom maximum motor positions, PID
parameters, and a button for updating the settings. The bottom box contains three
buttons: start, stop, and connect. Various buttons are toggled on or off depending on the

sequence of the test process.

3.2.12 IMPLEMENTATION

The modules described above all contribute to the functionality of &él_PID script.
They can be found throughout the various classes definéaldh PID , and provide critical
functionality. As mentionedplottingDataMonitor(QtGui.QMainWind ow) is the
main class forGUI_PID, and it utilizes all the other classes in the script, except for
RealTimeCurve(Qwt.QwtPlotCurve) class which is called bythe class
RealTimePlot(QWidget ). PlottingDataMonitor(QtGui.QMainWindow) is
the name ofthe scriptwhich calls themain() function. This is the main function of the

script and is triggers the creation of the GUI.

3.3 DEVELOPMENT COSTS
A driving force behind the design of the testing apparatus was overall cost. As described in
Chapter two, systems capable pfaintaining ASTM standards and achieving acceptable

heating rates already exist. However, these systems are extremely expensive. Gleeble
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Systemscan cost up to $900,000.0f20] and used indation heaters can cost around

$6,00000[23].

Ly O2YLINR&azZ2Yy GKS RS@OSt2LISR 0SadAy3a | LILI NI
around $200, with raw material costsestimated to beapproximately $100.001t is

important to note thatthe developed system is inteled as an addn to existing test

frames such as the MTS sestiwgdraulic frame used for the research displayed in this
thesis.Also, the prices dsplayed donot account for the cost of manual labor associated

with manufacturing, such as for the machining of grip parts, or time associated with tuning

the PID control settingsTable 3.4 provides a detailed list of system expenditur@bich

total approximately$300.

Table3.4: List of Expenditures

Component Vendor Cost ($)
'\B/lc?;:jl(ig)s Thermocouple Breakou AdafruitIndustries 29.90
Breadboard + Jumper Cables Amazon 9.69
SainSmart Uno Amazon 17.69
SainSmart L293D Motor Shield Amazon 11.18
Canakit Stepper Motor (x2) Amazon 37.90
Type K Thermocouples (5 pack) Omega 35.00
Bernzomatic TS3000KC (x2) Home Depot 49.94
Raw Materials U of | Machine Shop 100.00

Total: 291.30
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CHAPTER 4ESTING PROCEDUNRETRUCTIONS

The following sections detail and lay out teepsnecessaryto perform testingusing the
elevated temperaturdesting apparatuslt is important to note that the following series
instructionsassumes thattte testing platform haveenset upaccording to themethods
laid out in this thesisThis includes specimen and grip geometry, thermocouple locgtion
nozzle locatios, and upper and lowemotor limits for the temperature control systenit
also assumes that the torcdupports,and automatedmotor control assemblies have been

attached to the test frame

4.1 TEMPERATURE CONTRBBLTINGS

Before an actual test can be run, the PlXisgs and maximum motor positions must be
defined and entered into the GUDne of the downfalls to using a PID control algorithm can
be the tuningof input parameters For the seup described in this thesis it is necessary to
tune the PID settings befertesting begins. This means one has to set Lge@ondary,
expendabletest specimen with thermocouples attached and connected. Validatiothef
PID settings should be performed onlaad train setup as similar to theeal testing
environmentas possible; this includes starting each tuning tegh a room temperature

specimenandgrips

When first tuning a PID control loop, it is advised to approach the situation in a logical
manner. Most literature recommends beginning by tuning the projpordl value (setting
=0, and D=0) to the best of ones abilities. Start by setting P to a low value such as 1, and

GFr1S y268S 2F (KS adaeaidsSyQa NBalLkyasS G2 SI OK
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system should struggle to reach the temperature seinpoNext increase the P setting to a

value that causes the system to oscillate around the set point. This will be an indicator that
the P value is too great, creating an unstable system. Now decrease the P value until the
system starts to steady ouft this point an offset like that described ®HAPTER hay

occur. In order to compensate for this offset an integral value may be introduced. Repeat
the same seriesf steps for the integral value as were followed for the P value, taking note

of how the system responds to each set of inpl@$APTER 2also mentions that thePl
controller is one of the most common types of controllers used in industry. Depending on
GKS adeaidSysxs GKA& YIFe 0SS it (GKS O2yidaNRf ySC
derivative value can be introduced. The D value will help to accelerateatle at which the
system approaches the set point. However, the D value should only be altered by small
amounts, such as on the order of tenths of a point. Just as the D value can cause the
system to quickly reach equilibrium, if entered incorrecthcah also cause the system to
become very unstable. Tuning the PID values may require keeping a log of system
responses to various P, I, and D values. By acquiring this knowledge, an adequate set of
values can be found that satisfy the system temperaturgtitey requirementslt is also
important to keep in mind that PID settings and the stability of the system may be affected
by empty propane cylinders, incorrectly assembled load trains, unsymmetrical

thermocouple placement, and altered maximum motor pasis.

4.2 SPECIMEN PREPARATION
Before testing can begin the specimen geometry must rbeasured to record the

minimum gauge section diameter and length of the gauge seclioe minimumdiameter
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is necessary for calculating tleeosssectional area of the spauien for generatingstress
strain plots while gauge length is used in percent elongation calculatidGtercent
Elongation can be measured off of the shoulders of the specimen, but more accurate
measurements are preferred. This is accomplished by scribvilogsimalllines at a set
distance apartin the reduced section of the specimeithe original distance between
marks is thenitial gauge section length and should be recorded|&ter use in percent
elongation calculations.These marksshould be deep enougthat they can still be seen
after testing, butsmall enough to not create inclusions or imperfectiortseve cracks may
start. The validationdsting performedn CHAPTER &sedoriginal gauge section lengths

of approximately 25.00 mm and were created using calipers and a razor blade.
Measurement of the elongation gauge section needs to be accurate, and should be

measuredusing an appropriate device

4.3 THERMOCOUPRETACHMENT

It is important to determine hermocouple position andattachment technique before
testing begins because both attributes can greatly affect PID values, as well as nozzle
position and flame intensity As stated inSection3.1.3, thermocouples arattached 27

mm from each end of the specimen, usitlgps maddrom stainless steel stripthe clip and

thermocouple attachment location can be seerFigure3.5.

When attaching the thermocouples it is important tmt place the thermocouple weld
bead nearthe gauge marks. This is because the thermocouples coultcsooadisfigure

the gauge markscausingan inaccurate or unreadablinal gauge lengtimeasurement. It
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is also importantto locate the torch nozzles and displacement measurement device on
separate sides of the specimexs well Figure4.1 depicts a recommended orientation for
these componentsaround thespecimen.in it the roundcross section of thespecimenis
reduced to quadrants, each of whidk reserved forone of the previously mentioned
functions. InFigure4.1 it can be seen that the torch nozsland thermocouple occupy
opposite quadrants as a supplementary means meventing the thermocouples from
picking up inaccurate temperature readings. The elongation gauge marks are also located
perpendicular from the tore nozzles and thermocouples, angposite the displacement
measuement device. This is particularly importantaif extensometer isused because the

knife edge attachment pointsocld leave marks on the specimen which would disfigure the

gauge section marks.

Thermocouple

Extensometer

Gauge Marks Attachment

Torch Nozzle

Figure4.1: Specimen Quadrant Diagram
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4.4 LOAD TRAIN S®EJIP

Once the specimen measurements have been taken and thermocouples attached, it is time

to place the specimen in the load train. As mentioned in Chapter 3, the research in this
thesis developed two different types of grip connections, however if the seaiadeaction

grips are employed the process becomes much simpler and can be accomptisined

quicly. When using the seated connection grips, lower the test frame actuator so that

there is enough room to hang the full length of the load train without angrierence.

Next assemble both the top and bottom halves of the load train. Attach the top half of the

f 21 R GNJ AY ¥FA MBEdoel pirioicohiect khe load oainpcéthe Eest frame.

Ensure that the seated connection grip is facing thetorchhof S I YR Ay & ASNI K
G2L) odziti2y KSIFR Ayid2 (GKS INARLIQA 2LISYyAy3Id t d
the grip. This may be difficult to maintain until the bottom grip is attached due to the
thermocouple wires pulling on the specimen.tlattach the bottom half of the load train

in the same manner that the top was attached, confirming that the bottom grip opening

also faces the torch nozzle as seerfigure4.2. The load train should be fairly balanced

now, but if it is not check to make sure that the specimen is seated securely in both grips.

Bring the actuator up so that the bottommost connection of the load train can slide into

the slot on the aatator grip, but do not insert the pin. It was found thatetkxtra stepof

raising the actuatohelps provide mee stability when connectinthermocouple leads.

Alternatively, the pin connection grips may be used. In contrast with the seated connection
grips, it was found that assembling the entire load train before attaching it to the test

frame was easiest, as seenHigure4.3. Assembleboth the top and bottom halve of the
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load trainseparately from the test specimefihen check that the 0.18%5«< % dowel pins

slide easilythrough the hole at each end of the specimen.they donot, run a0.188%
reamer through the hole by hand until the pin slides nicely through. Next pin the specimen
to the top and bottom grips, making sure to match the top to the top and bottom to the
bottom. For repeatability mark the sides of the grips that are to face thehtmozzles, and
ensure that the opposite side of the specimen is where the thermocouples are connected.
At this point a slight gap between specimen edges and grip sides may be noticeable. If this
is the caseit may be necessary to addhims. The shims ea inFigure4.3 were made from

a variety of shinstock thicknesses, cut in the shape of a tab, and punched with either a
ndoTpé 2N nthe shilns t& eitheSide of tReRspecimen, as symmedtly as
possible to take uplack between the specimen and gsilesat both the top and bottom
connection points. The load train is now ready to be attached to the test frame. Again
ensure that the appropriatgrip andspecimen sidare facing the torch nozzles, and lower

thenraise theactuator to add stability when attaching the thermocouples.

Once the load train is in place, verify that the specimen is oriented correctly and matches
the diagram shown irFigure4.1. The thermocouples should be located opposite the
propane torch nozzles while the elongation gauge marks should be located midway
between the two. When this has been acaplished connect the thermocouples to the
MAX31855 break out boardg/hen the electronic components of the control system were
set up, t should have ben noted which MAX31855 board corresponded to which

temperature read out. Thus, depending on how theldino code is written, one



Figure4.2: Seated Grip Specimen Alignment

Figure4.3: Pinned Grip Specimen Alignment

68
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board shouldbe designated for connection to the thermocouple located at the top of the
specimen, and one should be designatE connectionto the thermocouple at the
0200G2Y 2F GKS aLISOAYSYyd ¢KS o021 NRa dzaSR F2N
for top and bottom so as to reduce the possibility of error when connecting
thermocouples. Tags with similar labels were also taped to the thermocouple wires near
their leads to further simplify the process. A proper connection between the board and
thermocouple @an be seen ifrigure4.4. If it should occur that thermocouple positions get
swapped and that the top is connected to the bottom readout while the bottom is
connectedto the top readout, the GUI will most likely display feedback where the
temperature for one thermocouple remains constant while its corresponding motor
position increges towards its maximum value. Alternativelyetother thermocouple
readout will displg a temperature that is constantly increasing while its corresponding
motor position remains at the minimum value. Thus it is imperative to correctly connect
the thermocouples to the corresponding boards. When connecting the thermocouples it is
also criti@al to correctly matchdads to the appropriate connectios seen irrigure4.4

the board is already labeled with aor - and the corresponding thermocouple lead is
colored, yellow (+) and red)( When the thermocouple leads are reversed the GUI will

respond by displaying the temperature of the corresponding thermocouple deiogpzso

negative values, rather than increag.



Figure4.4: Thermocouple Reader Attachment

z z

LG Aa (GKS FdziK2NRa 2LIAYA2Yy OGKFG Fadr OKAy3
connecting the thermocouple leads is easiest, however, trder of operatiors is
insignificantto testing, as long as care is taken and no parts are damaged. That being said,
as previously mentionedthe seated connection grips are easier wmrk with and this
continues to be true when attaching the shields. The shields used in conjunction with the
seated connection gripare described irgection3.1.3and can be seen ifrigure3.6(a) and

(b). Notethatad G2y 3dzS¢é¢ F2NNXYSR 2dzi 2F nodonncé aKAY
flame from shooting down the top grip opening, directitoithe specimen gauge section.

For the pimed connection gripsa different type of attachmet provides for the same level

of protection, andallows for symmetry between the top and bottom shield geometry.

CI

~

a
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These shields are designed to be supported by the pin connecting the specimen to the load

train, and they come in two parts which effectivalyrround the top quarter of the grip. A
flat bottom plate on the shield has a central hole, big enough to allow the specimen to fit
through with room to sekalign, but small enough to block any heat from the torch flame
that may impact thermocouple readys. The two halves are held together in the front and
back by straps fashioned out of shim stook by a screw and nutQurved sections
perpendicular to the flat plat@rovide some alignment, anchatchthe grip geometry, as

shownin Figure3.6(c).

It wasalsofound that heating rates and profiles are not affected despite the difference in
shield geometry ad attachment techniques. This is attributed¢banges in heatinksdue

to the varied grip geometries. If an extensometer or other displacement measuring device
is used it is advisable to attach it to the specinadter attaching the gripsAs previously
mentioned, he extensometer should be positioned on tls&le opposite the specimen
gauge marks, and can be attachwih stainless steel springs. The springs showRigure
45are0.12% QD/n @n p € and R2YNBYSS R BER2SSviraihenéhe knife edges

have been securely fastened, zero the COD reading and remove the extensometer pin. The

load train should now be ready for the testing process to begin.



Figure4.5: Extensometer Attachment

4.5 TESTSTAR TESTINGGRAM

After the load train and thermocouples have been set up, testing parameteosid be
entered into the temperature and testing control programs. Depending on the type of
testing platform in use, the contraoftware will vary; however, the system available for
use during the development of this thesis will lised as an exampleSection3.1.2
provides an overview athe MTS test frame, control system, and senséms: the TWSX
software in use, proceduredeveloped for tensile testing typically operate at a constant
strain rate, whichwas determined based on the following equations:
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Where based off a 35 mm gauge sectiadh75mm/sec and 17.5 mm/sec atée required

LVDT rates to achieve the desired strain rates of 0.05/sec and 0.5/sec respectively. In the
Testware SX poedureit is important to make sure that the correct LVDT rate value and
units are entered before beginning a test, as well as the cbrdata acquisition rates.
Again, depending on the limits tfie testing device, this value may need to be altered. It
was determined that collecting data every 0.01 mm of actua@mvement was sufficient

to provide accurate data, and wagithin the limits of the Tes®ar controls The MTS
testing frame las data collection limits set at a maximum of 5 KH& F2dzyR Ay {(KS
manual. Data collection may also be defined in terms of extensometer movement, for
which the limitsvary depending on the strairate at which tests are performedNhen
considering the mechanical limits of the system, it may also be useful to initialize bounds
based on LVDT o€OD readingsThese limits may be implemented from inside the

Testware SX program, or externallyggcinginterlocks onthe Tes8&ar platform.

4.6 TEST START

Once the load train has been sa@p andcorrectsettings entered into the control programs,
testing can begin. Briefly double check the entire system to make sure everything is correct
before raising the actator to a level where pin can easily slide through the actuator grip
and bottom load connectiompoint. Do not actually pin the connection, but leave tiesst

frame hydraulics runningThe load train should not be connected at the bottdmcause

the spedmen couldelongae during heating. If elongation were to occur while the load
train waspinnedat both ends then the specimen could become unseated or placed under

a compressive load, neither of whiatreatesa desirable test starting conditionlf an
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the TW - LINE 3 NEkeXutéA AY 2ARyBlickithg @nnectbutton on the GUI. Wait for
the temperature and motor positions to start plotting on the GUI graph, and thesage
G{SNRAIf [/ 2yySOGSR 9y iSNI {SlhiAy3Tas¢ G2 0SS RA
corner of the screen. Enter themperature settings, completing th&pecimen NameSet
Temp Top Maximum Motor PositigrBottom Maximum Motor PositigrPID p PID | and
PID dfields. When these have been filled out select thpdate Settingdutton, at which
pointi KS YS&aal3aSs at NBaa {dGI NI (Startbut®@shotld ¢ Sa G ¢
become activated. When it is time to begin the heating portion of the test, cliciStaet
button to move the motors and propane torch valves to the ignition positidien this
occursthe hiss of propane being released from the cylindgsuld be audiblé Y R a L Iy A { &
t NELIYS ¢2NOKSaé¢ gAfft 0S RAaLIXIFIE@SR Ay (KS
triggers on the propane torch handles to begin heating of the specimen. Once the torches
are lit and the bottom thermocouple has sensedtange in temperature greater tharf@G
GKS YSaal3aS olFN gAfft OKIFy3aS G2 NBIFIR GCANBa
the PID control is waiting until temperatures are close enough to the set point, or steady

state, tomake adjustments

When the temperature reads approximately 50 below the set point begin connecting the
load train and zeroing controls. Thiesferencepoint was found through trial and error, and
YIed ySSR (G2 0S |R2dzaGSR RSLISYRAyYy3 @gto {1 KS dz

start the tensile test is to zero the load cell. This may be accomplished usifgthator

Positioning Contro(APQ. Next adjust the actuator and slide in the pin so that the load
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train is connected at both ends. Gloves may be necessary at tims fpoprevent burns.

Finally turn off theAPCand wait for the temperature to reach the set point. Depending on

the desired heating rate and selected conditions, the GUI will notify the user when both

the top and bottom temperatures are within -3°C of he setpoint temperature by

RA&LIX I @8Ay3 aDhHéE Ay | &Stft2é6 o02E ySIN GKS G
counting down from 3 seconds is displayed above the yellow box. This 3 second hold may

be adjusted by changing values in the GUI coee 3 seconds is reset every time the
temperature falls or rises outside the acceptable3*C limits When the clock reaches 0.0

secondsi KS &S8ftt2g o062E OKIy3aSa (2 3INBSY YR RA;
users discretion the tensile test may btarted as soon as the yellow message appears, or

they may wait for the green message to be displayBehsile testing is startely pressing

0KS awdzyé¢ odzilizy 2y GKS 't/ 2N 2y GKS 02YL
immediately move downwards ahe specified rate, and will continue to do so until the

program limits or mechanical limits are reached. Alternatively, the test may be ended by
KAGGAY3T GKS a{ (2 L¥ 0 dzi G 2THe RoganditécBes may/alsobdl] O2 Y |

turned off by hittingd KS a{ G2 L) odzild2y 2y GKS D! L®

4.7 POST TEST DATA ANAILY

Once the specimen has been tested to failure stop the test, but DO NOT touch any part of
the load train. Depending on the set point temperature of the test this could result in
severe burns. Let the &l train cool down before collecting the specimen pieces for
measurement this should take anywhere from 5 to 15 minutes, dependinghow cool

the specimen islesiredto be. During this time it is advisable to review the data collected
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from the test andverify that it follows acceptable trends. As describedSection 2.2, this

requires creating a stress strain plot from the ledidplacement data generated duririge

test. Depending on if displacement was measured using the LVDT or extensometer, the
O2NNBalLRyRAYy3 LI20 oAttt SAGKSNI 6S fl 06SfSR
strain respectively Typically a decrease in material properties can be exukedor a
correspondingincrease inspecimentemperature. This trend may also be expected for a
decrease in strain rate as well. When the specimen has cooled enough, detach the
thermocouple leads from the MAX31855 boards and remove the specimen pieceghiEom
load train. It is advised at this point to mark the ends of the two halves so that they match
one another and will not be lost or mixed up with other specimen-aB&mble the
specimen by matching up the fracture surface so that the gauge marks kine with one
another. Fastening the two halves togethar an acceptablefashion re-measure the
distance between gauge marks using the same approach as whenahes were created.

The percent elongation can now be found usif®l). Typically percent elongation

increases with temperature and decreases relative to strain rate. This is opposite of the

trends seerfor YS and UTS

4.8 TESPROCEDUREHECKLIST

1. Attach specimenio corresponding grips
a. For a pinned connection, add shims around the specimen if necessary
b. Check thermocouple and gauge mark orientation relative to the grips
2. Pin the grips and specimen to the top of the test frame
a. Lower actuator out of thevay, and check that the LVDT settingd allow

for enough travel duringhe current test
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b. Check that the grips are oriented correctly with respect to the torch nozzles
3. Attach shieldsand extensometer if necessary
a. Minimize any gaps in the shields
b. Check tlat the extensometer springs are tight enough to hold the knife
edges in place
4. Attach the thermocouple leads to the break out boards
a. Check that the leads are attached correctly (colors andyhbols match)
b. Check that the top and bottom thermocouples arttaghed to the correct
break out board
5. Review the TWSX program
a. Check LVDT rates and displacement limits
b. Verify that the COD or LVDT data collection rates are within limits
c. Check that the correct data file name has been entered
d. Zero the TWSX display meters
e./ KSO]l GKFG GKS LINRBINIY Ad Ay G9ESOdzi S:
f. Enable interlocks if desired
6. Set up the temperature program
a. Check the physical motor start position
b. Check that the GUI is connected to the desired COM port
c.  tA01 2y GUKS 4/ 2yySOG¢é 0 dzindetyfo the2z Sy ac
microcontroller
d. Enter the specimen name, temperature gmiint, maximum motor
positions, and PID settings
e./ t A0l 2y (GKS a! LaRdaiifg thdt theiplotisyuadating 6 dzi G 2 v
7. Raise the actuator ufp level with the bottom pin conneatin
a. Check that the LVDT is in the appropriate mode
b. Zero the LVDT position if desired
c. If an extensometer is being used, zero the COD reading and remove the

extensometer pin
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8. Double checkhat all aspects of the system are ready for test start

9. Clickthea { G NIi¢ odzid2y 2y GKS D! L
a. Pull the torch triggers to ignite flames
b. Monitor the testing temperatures via the GUI display
10. Approximately 50C before the sepoint temperature,readythe systemfor tensile
test start
a. Zero the load cell
b. Adjust the actuator angin it to the bottom of the load train
c. Turn off the APC
11,1 Ad GKS awdzyé odzilGz2y 2y SAGKSNI GKS

t/

2 |



79
CHAPTER 3ESTING RESULTS

Hevated temperature tensile testingvas performedto evaluate stress strain curve
reproducibility, material property trendsheating conditionsand to verify effectiveness of

the developed propane torch and temperature control systefnseries of six different
tensile tests were performed at three different tempéuaes and two different strain
rates, with duplicate testsperformed for each set of criteria totahg twelve tests.
Fecimensmadeof a 70XX series aluminum alloy were tested at 25°C, 225°C, and 425°C at
strain rates of 0.05/sec and 0.5/seEvaluated raterial properties includeYS UTSand
percent elongation Heat up rates, and temperaturs at tensile test startwere also
recorded Modulus of elasticity values were not evaluated asiteptvas performed using

the LVDTFurther discussion of these propess and trendsis included in the following

sections.

5.1 TESTING HEAT RATBPRES

Temperature heating profiles in relation to motor positiofts both the top and bottom
positonscan be seernn Figure5.1 through Figure5.8. These plots are generated when
temperature data is sent from the Arduino to the GaHd are displayed for the user
however, the Arduino is only capable of doing so when the motors arestaly. Thus the
plots are notl00% real timgbut provide a very good representation of what is happening
with the system. To remedy this, a secondary Arduino would need to be implemented.
Improvements to this aspect of the system are further discussedHAPTER.Gn Figure

5.1 through Figure 5.8 the horizontal light blue dashed lines indicate the set point

temperature, while the vertical green dashed lines indicatettesiletest starttime. From
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the plots it can be seen that all testsxcept A5, were conducted when the temperature

had reached a steady state at the target temperatuFégure5.5 provides data for the
testing ofspecimen A5This testwas conducted at temperatures above the set point due
to an incorrectly entered Integral value in the PID settinigee effects of this error will be
discussed later in the chapter. From the lower motor position plots it can be seen how the
PID algorithnreacted to temperature changes via motor position. When the temperature
is significantly far from its target temperature the motors are at their maximum positions.
However, the closer to the set point that the temperature gets, the more the PID becomes
active. This is evident in thewer positionedpeakson the motor position plots, as the PID

tries to prevent and counteract any significant changes in temperature.
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Figure5.1: A3 TCS Data



Temperature and Motor Position vs. Time for A4
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Temperature and Motor Position vs. Time for B6
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Table5.1 provides an overview of minimum and maximum motor positions, PID values, and
average heat up rates for the 225 and 42%C tests. Minimum motor positions remained
the same for testing at botllemperatures, while the maximum nbar positions were
shifted up100 steps on both the top and bottom motors for the 425tests. This was done

to initiate faster heating rates, due to the fact that heat up rates start to slow as the overall
system capacjt becomes hotter. As discussedGHAPTER,dncreasing P values results in
faster system response times wel|l however caution must be taken as this can alsule

in an unstable system. Thdilse P value was increased from 15.00 to 18@0the 425C
tests. These changes produced an average heat up rate oiCésec for the four tests

performed at 228C, while the four 42%C tests averaged a heat up rate of ®fsec.
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Table5.1: PID Testing Parameters

Temp. Min motor position Max motor position P I D HAVfg?e
eat Rate

(°C) Top (steps)Bottom (steps) Top (steps)Bottom (steps) o
(°Clsec)
225 203 204 550 500 15.00 2.00 0.06 6.0
425 203 204 650 600 18.00 2.00 0.06 56

Figure5.9 displays astandard deviatiorerror bar plotfor heating ratesduring the 225C
and 425C tests. It can be seen that the 225tests exhibited a much tighter, repetitive
range of heating rate than the 428C tests.225°C heat up rates ranged from 5.9
6.1°C/sec, while 428C heat up rates ranged from 5621°C/sec. Overlap of the twerror
bars indicate that mean heating rates for both temperatures have a likely propendil to

within the rarge of 5.96.1°C/sec.

70XX Heat-Up Rates

Heat-Up Rate [ (/sec]

900 300 400
Test Temperature | (]

Figureb5.9: HeatUp Rate Error Bar Plot
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5.2 TENSILE RESULTSO0.05/S

Stress strain curves for a strain rate of 0.05/se2%C, 228C, and 42%C are displayed in

Figure 5.10. The plot serves to illustrate the effects temperature has on material
properties. This isan be seerin the steepness of the elastic region, UM&gnituces and

strain valuesNote that specimen A5 displays a greater strain than the other tests. This is
due to an incorrectly entered integral value and resulting temperature overshoot as
mentioned in Sectio®.1 Mechanical properties and other test specific information for the
0.05/sec tests are tabulated ifiable5.2. Looking at the table it is clear that an increase in
temperature causes a decrease in YS and UTS values, and an increase in percent
elongations. This is particularly evident when comparing UTS values. Fort@&is the

average UTS is 157.2 MPal®MPa at 228C, and 39.4 MPa at 425.

180 70XX Tensile Tests: ¢=0.05 L.
[ \ [

— Al:25°C
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Figure5.10: Stress Strain Curves for 0.05/sec Strain Rate
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Specimen Test Temp.

0.2% YS

% Hongation

Heating rate  Temp. at Tensile Test&t

(°C) (MPa) (MLIJDEI? (°Clsec) Top €C) Bottom (°C)
Al 25 71.6 158.2 54
A2 25 76.6 156.2 5.6
A3 225 60.6 102.2 8.6 6.1 224.00 219.00
A4 225 58.2 1015 8.4 5.9 225.00 221.25
A5 425 33.0 35.3 126.2 5.8 422.50 424.25
A7 425 40.2 42.4 131.9 6.1 423.50 424.25

5.3 TENSILE RESULTS0.5/S

Stress strain curves for a strain rate of 0.5/$exc25°C, 225C, and 42%C are shown in

Figure5.11. This plot also displays the effect of temperature on material properfiable

5.3 displays the medinical properties and other information relevant to the elevated
temperature portion of the tests. From both the stress strain curves and tabulated data it
can be seen that that an increase in temperature causes a decrease in YS and UTS values,
while increasing percent elongation. Again this is most visible when comparing UTS values.

25°C tests averaged a UTS value of 158.5 MPa, a UTS value of 109.0 MPa was averaged for

the 225C tests, and an average UTS value of 63.8 MPa was calculated for tetd25
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70XX Tensile Tests: é=0.5 .
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Figureb5.11: Stress Strain Curves for 0.5/sec Strain Rate

Table5.3: 0.5 / sec Tensile Testing Results

Specimen Test Temp. 0.2% YS uUTs % Elongation Heating rate Temp. at Tensile Test Sta

(°C) (MPa) (MPa) (°C/sec) Top (°C) Bottom (°C
Bl 25 75.3 157.1 54
B2 25 729 159.9 4.8
B3 225 60.2 1093 5.2 6.0 224.00 225.25
B4 225 60.1 1087 5.6 5.9 225.25 222.25
B5 425 56.8 62.1 49.7 52 421.75 428.00
B6 425 57.9 656 61.8 5.3 427.25 421.75

5.4 25°C TENSILEESTING RESULTS
Stress strain plots for the 26 testsare shownin Figure5.12 and exhibit minimal to non

existent differences in material properties between the two strain rates. For a strain rate of
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0.05/sec an average YS of 74.1 M&eerageUTS of 157.2 MPa, and amerageelongation

of 5.5%were calculatedAt a strain rate of 0.5/sec the material exhibited an average YS of
74.1 MPa, an average BTof 158.5 MPa, and an averadengation of 5.1%. Of the 26
tests, specimen B3ahows the greatest pseudo straitbut has the smallest measured
elongation at 4.8%. This is due to the specimen experiencing deformation outside of the

gauge section in the shouldenghere it seats into the grips.

70XX Tensile Tests: 25 °C
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Figureb.12: 25° C Stress Strain Curves

5.5 225°C TENSILE TESTINGWRHS
Stress strain plots for the 226 testsare shownin Figure5.13. From these plot# canbe
seen how strain rate impacts material propertiest elevated temperature. Specimens

tested atlower strain rates showed a significant increase in pseudo strain as well as an
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increase irelongation. Specimens at 225 and a strain rate of 0.05/sec averaged a YS of

59.4 MPa, UTS of 1@MPa, and arelongation of 85%. At a strain rate of 0.5/sec the tests
averaged a YS oD@ MPa, UTS of B)0 MPa, and arelongation of 56%. These results
indicate that higher strain rates correlate tugher UTS values, while lowestrain rates
result in higher ngations.Looking at bothHrigure5.12 and Figure5.13 it canbe seen that
temperature also affects material property values. As temperature increasey $hand

UTS decrease, whigongation increases.

120 70XX Tensile Tests: 225 ° C
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Figureb.13; 225 C Stress Strain Curves
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5.6 425°C TENSILE TESTINGWRH'S

Stress strain results for the 425 tests can be seen Figure5.14. Tests performed at a

strain rate of 0.05/sec averaged a YS of 36.5 MPa, UTS of 39.4 MPepagation of

129.0%. Testing at 0.5/sec resulted in an average YS 4V#Ha, UT®f 63.8 MPa, and
elongation of 558%. Comparing these values to the °€5and 22%C tests further
demonstrateshow YS and UT®alues drop with higher temperatures while elongations
AYONBIFaSed LG aKz2dZ R 0SS y2iSR KdoagadSaumgh i K G |
temperatures (400C and greater), thermocouple attachment was difficult to maintain and
inconsistent in reading temperatures when the thermocouples came loose as the specimen
elongated and the gauge section reduced. Results are typicgifble for the type of
thermocouple attachmentescribed in this thesis, and asspecially so throughout the
ALISOAYSyYyQa Stladaro NEegigite/defohmgtiond ¢ AubtK thel K S NB
thermocouples come loose. Testing for which there was miniredlction in the gauge

section, such as the 26and 225C testsprovidedmore consistentesults as can be seen

in Figure5.12 and Figure5.13. The results of these tests highlight how important it is to

find a suitable method dr thermocouple attachmentor an alternative temperature
measurement approacHt is also important to note that 42%& is near in temperature to

the 70XX aluminum alloy semolid region. The senrsolid region occurs when
temperatures are hot enough to ntgbortions of the aluminum alloy, while other sections

remain solid. This formation of two phases at once in the alloy significantly weakens the

YIEOGSNRALFEQa FoAfAdGe (G2 6AGKAOGlIYR LI ASR 21|
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70 70XX Tensile Tests: 425 ° C
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Figureb5.14: 425 C Stress Strain Curves

5.7 MECHANICAL PROPEERROR BAR PLOTS

The following figures depict error bar plots for the evaluated YS, UTS, and percent
elongation values. Red indicates tests ran at the 0.05/sec strainwdiiée blue represents

tests performed at the 0.5/sec test. FroRigure5.15 and Figure5.16 it can be expected

that for the 70XX series aluminum alloy, YS and UTS values recorded at lower temperatures
will be fairly similar in value. During the €5 and 22%C tests the range of recded
property values was quite minimal as evidenced from the plots. However, at higher
temperatures, YS and UTS values see a change in behavior between the two strain rates. At

425°C greater material property values can be expected at the higher stragn Téitus it

Oty 68 02y O0OfdzRRSR GKIFG | NBflIGA2yaKALI SEAA

effects of strain rate and temperature.
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Figure5.17: Percent Elongation Error Bar Plot

Figure 5.17 depicts a bar plot illustrating the calculated percent elongations for tests
occurring at 25C, 228C, and 42%C and at strain rates of 0.05/sec and 0.5/sec. Again, the
range of data at for &h test situation is minimal, meaning there is not much variance
from the mean and suggesting valid testing results. It can also be seen that the error bars
overlap one another. This suggests that the material is less susceptible to variations in

strain rate, especially at low temperatures.
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CHAPTER €ONCLUSIONS AND REAMENDATIONS
6.1 CONCLUSIONS
The elevated temperature tensile testing apparatus described in this thesis provides a
means for industry and academics to perform materials testing that conforrstatalards
and achieves fast heating ratewhile at a significantlyreduced costto the user The
developed system consists of a setwraulic test frame, capable of performing tensile
tests, towhich two propane torches have been affixed. These toramsy heat to both
ends of the test specimen and are automated using stepper motors. The stepper motors
are part of a temperature control loop and accept positional outputs from the Rib@e
specimentemperature is monitored by two thermocouplesnd provides the PLC with
inputs. Temperature control is regulated by a PID algorithm run by the PLC, which accepts

system inputs such as spbint and PID settings from a GUI.

Operational erification of the apparatus and testing process was validated througtings

of a 70XX series aluminum alloy at three different temperatures and two different strain
rates. Twelve tensile tests were performed in total, eight of which were performed at
elevated temperatureslt was found thatncrease temperature correspongdto increases

in percent elongatiormeasurements and decreases in YS and UTS values. All of the tests
were performed according to ASTM standards, and testing occurred with3iC-bf the
temperature setpoint. Heating ratesalso fell within the target rage of 510°C, and
averagel 6.0°C/sec fortests performed al25°C and 5.8C/sec fortesting at425°C.Costs

for the system are a fraction of what other devices cost, totaling approxin&go.
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6.2 RECOMMENDATIONS

The work presented in this thesis meets aks@n requirements. However, some
improvements could be implemented to increase the functionality of the system. These
improvements fall under one ofiie categories which will be discussed in this section:
increasing system capacitglternate testing plaform validation modificaions to current

technology PID improvementsand improved temperature measurement

6.2.1 INCREASING SYSTENESRATY

[ dNNByidfe GGKS GSadGAy3 LI NI GdzaQ OF LI 6Af AGA
and the capacity of th@ropane cylinders. Torch flame is directly related to the degree to

which the stepper motor can open the pressure regulator without stalling. Introducing a
motor with higher torque could increase the flame, resulting in higher heating rates. This

was notinvestigated as the current motors provide sufficient flame intensities for the
required testing. For prolonged testing it is recommended to develop an alternate fuel
supply system. The current propane cylindedrave a finite volume that requed
replacement. A larger fuel supply with a gauge to indicate container propane levels would

be ideal.

6.2.2 VALIDATION FOR ALNARE TESTING PLATMSR
In theory the developed temperature testing apparatus can be introduced to any testing
platform. This was not investigate@nd it would be interesting to see how changes to

specimen material and geometry, and load train material and geometry affect heating
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rates and system cohesion. More specifically, verification of system capabilities with

respect to nommetallic specimenand noncircular specimen should be completed.

6.2.3 MODIFICATIONS TO QRENT TECHNOLOGY

The current testing procedure consists of starting the heat up process, and then starting
the tensile test process when thtemperature set-point has been reached. Testing times
are recorded separately for these two actions and it is up to the user to record at what
time the tensile test is started relative to the recorded temperature. Combining the two
processes would be advantageous adild be accomplished by triggering a flag in the PLC
program. Seup would require connecting another sensor to the SainSmart Uno that
would indicate when the tensile test begiriBhis could be implemented ithe form ofa

circuitthat is easily brokerwhen the test frame actuator moves downward.

Another improvement would be to replace the current motor driver shield with one that
communicates over serial artths its ownPWM driver chip. This is because the current
motor shield does not have its own proses, and is dependent upn the Uno to control
motor position This is extremely time intensive for the Uno, as it cannot send data to the
GUI, or enter new temperatures into the PID control loop until the motors have moved to
their next position.Because bthis, cycle times for the PID loop are dependent upon how
long it takes the motors to movieom onepositionto the next Implementing a shield such

as the\Bdafruit Motor/Stepper/Servo Shield for Arduino®@&ould improve cycle times, as
well as free upghe Uno to focus omreadingtemperatures,the PIDloop, and updates for

the next desired motor positianAnother benefit is that the Adafruit motor shields are
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stackable and use fewer I/O pins on the Uno so that the MAX31855 breakout boards could

be diredly connected.

6.2.4 PID IMPROVEMENTS

The existing PID control system is implemented in such a manner that P, I, and D values
must be predetermined and entered into the control program before testing begins. In
order to reduce time spent tuning parameters several adjustments to the algoritambe
explored. Developing a mathematical process model to simulate heating of the test
specimen and load train would reduce time spent testing heating and cooling of the
system. Hwever, this model may require unavailabp@rameters such as the thermal
conductivity of the specimen. Intensive study of system parameters including flame
temperature, thermal conductiwt of the grip materigland system heat sinks would need

to be acqured. Alternatively the temperature control algorithm could be edited to accept
new PID parameters during testing. This woulbvide the user with the ability to
manuallychange parametersn the flyif they noticed the system was not behaving in a
satishctory manner. A third improvement to the PID control algorithm would be to
introduce a cascad@q PID loop. Becausaitiating a chang to the bottom specimen
temperature results in a change to the top temperature, and vice versa, a cascading PID
loop woul be ideal.Cascading PID loops consist of two PID loops, with one controlling the

setpoint of another. For implementation with respect to temperature control of the
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temperature PID would operate based @fluser defined sepoint, while the bottom PID

would operate with a sepoint definedby thetop temperature.

6.2.5 IMPROVED TEMPERATUWRRASUREMENTS

As noted in 5.6 accurate temperature measurement became difficult to sustain at higher
temperatures. The stainless steel thermocouple clips used tairena secure contact
between the thermocouples and test specimen could not account for the reduced
diameter of the 70XX aluminum alloy when it elongated at°425To improvéemperature
measurement at these elevated temperatures it is recommended to imeigman
alternative thermocouple attachment method. The new method must be able to account
for the significant change in geometry that the test specimen undergoes during elongation.
Several suggestions include spot welding the thermocouples to the spe@masing a

high temperature adhesive compound. Both methods may prove more costly, but should
provide the desired results. Alternatiye a noncontact method of temperature

measurement could be implemented such as an infrared (IR) camera.
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