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Abstract

T-joint fillet welds are a very common occurrence found in industry tddagalized heating and
cooling from the welding process lead to the rise of distortion and resitesses. Weld fixturing is
a common practice in industry used to address the problems associatedldiity, iewever

fixturing also creates problems of residual stresses being locked imelth@ent. This research
involves placing linear compression springs along the top of a t-joint fidliet kv an effort to gain an
understanding of the contraction of the weld metal. The effect of difflenegis of restraint is also
investigated. Variable restraint is a concept that could be usediuerdistortion while keeping
residual stress at a minimal level. The idea behind this is thatesszey force applied to a part
could leave stress in that part; variable restraint would use fdrem\it is needed. Residual stresses
were obtained for the weldments by the x-ray diffraction process. $totdin and stress trends are

presented and discussed in this work.
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Chapter 1. Introduction

Arc welding is one of the most common welding processes used in industryrwalaly due to its
versatility and relatively low cost. The particular arc weldingcpss used in this investigation is gas
metal arc welding, or GMAW. While welding is a very useful process wathynadvantages, there are
distinctive problems that arise because of the complexity of weldirgjdirRe stresses and distortion are

two that play an important role in the design process of welded structures

Welding distortion can be attributed to rapid heating and cooling in echtegions of the workpiece
during welding resulting in thermal expansion and contraction, and thus disfditi Weld deformation
can fall under different types including: transverse shrinkagdiaogh distortion, angular distortion,
longitudinal bending, longitudinal shrinkage, and buckling distortion. Figurevissewamples of each
type of distortion. Transverse shrinkage is shrinkage that is pecpdardio the weld line, and
longitudinal shrinkage occurs parallel to the weld line. Rotationadrtiist is deformation in the plane of
the plate usually attributed to the weld being off of the neutral axis. Angjstartion is can be described
as a rotation of the piece about the weld line because of the non-unifommaltigeadients in the welding
process. Longitudinal bending distortion occurs in a plane perpendicular telthéne, the plate bends
down the length of the plate. Although the method in this research prevamstshan just one type of
distortion, longitudinal bending will be the main distortion that is ingastd in this paper because the

data closely resembles longitudinal bending.

ROTATIONAL DISTORTION

ANGULAR DISTORTION LONGITUDINAL BENDING

L OXGITLDI\'A-L gi-iRI\I(_-\GE
Figure 1. Types of Welding Distortion [2]

BUCKLING DISTORTION
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Welding shrinkage cannot be fully prevented, but it can be controlledr@ist reduction is fundamental
in efforts to overcome weld distortion. Some methods that are used to costidiath include: pre-
straining, pre-setting, pre-heating, as well as more common solutions suchragtariewelding,
sequencing, and using the correct amount of weld. Masubuchi used pre-heating tdrmitdrgitudinal
distortion in welding [3]. Specifically, Masubuchi created an in processatdatreduce joint mismatch
in butt welds and also to reduce longitudinal bending distortion in built up bEanmtie limited case
study he performed, his results were positive, allowing distortion to be tettunear zero with the
correct heating conditions. Kumose and Yoshida investigated the effgitst€ and elastic pre-
straining to avoid distortion [4]. Pre-straining involves bending the jgligher plastically or elastically in
the opposite direction of the expected distortion due to welding. Pregsettolves placing pieces in
such a way that they will move into the desired position after welding ipleted. Pre-setting accounts

for the shrinkage that occurs from welding to minimize distortion.

Welding fixtures are used to hold two or more parts together while thdyeang joined. It is also a very
common practice in industry to reduce distortion caused by welding by usingsixtu addition to
holding the parts. Fixture design is a common challenge in industry duecimntipgexity of the welding
process. To add to this complexity, weld assemblies rely on the accutheywad!d fixture to properly
align parts, and also must be able to withstand the heat of the weldingganotteout distortion and
without dissipating heat away from the weld. While fixturing may solvelistertion problem, it creates
another. By restraining the part against movement in the welding proesdsial stresses are built up
within that part because of the restraint. Withers and Bhadeshidghdassidual stress as stress that
remains in a body that is stationary and at equilibrium with its surnogsdit can be very detrimental to
the performance of a material or the life of a component [5]. Becaulse cbmplexity of the welding
process, it is almost certain that the force required to fixturet alpang welding will not be identical
across the entirety of the part. Variable restraint is a concdputahia be used to reduce distortion while
keeping residual stress at a minimal level. The idea behind that isrthecessary force applied to a part

could leave stress in that part; variable restraint would use fdrem\it is needed.

The goal of this study is to obtain distortion and residual stressodbéaused to understand the
contracting metal in the weld bead, as well as the effect of restraimé @ontracting metal. This will be
accomplished by performing weld trials and assessing the distortion degahgsical properties of
steel. Linear springs will be used as restraint in this experimeetathonship between distortion and
residual stress at different levels of restraint will be detexch The scope of this model is limited to t-

joint fillet welds.
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Chapter 2. Literature Review

A search of research literature was performed for information assdavith welding distortion
prediction. A brief overview of work done on estimating the heat distribufidmeovelding process will
be done. Previous work with residual stress and distortion in welding velhten focus of this

literature review. A discussion of previous work done on the effaetstrained contraction in steel
castings will be presented. Restrained contraction in steel castawjinvestigated due to the similarities
between the welding and casting processes; molten metal cooling andtoantsagresent in both

processes.

The problems of distortion and residual stress in a welded joint can bigydatertbuted to the thermal
aspect of the welding process, most specifically the rapid heatingailidéal concentrated heat input
that the weld joint experiences. One researcher to describe the ledard the heat distribution in
welding was Rosenthal. Rosenthal applied Fourier heat flow theory togrioeat sources [6]. What
came from his research was an analytical method of modeling the weldirsptiezt as either a point,
line, or a plane. While this is still a popular method of calculatieghermal history of a weld, it has
been found ineffective in estimating the thermal behavior of the weld $male then, a number of
researchers have looked into the modeling the welding heat source witerditfencepts of the source
and heat distribution to find a better estimation. Goldak proposed a newmatitz model for weld
heat sources based on a Gaussian distribution of power in 1984 [7]. Goldak ptoabdeswelding
heat source be modeled as a double ellipsoid configuration. The double e:lipabsource overcomes
the limitation of previous heat source models that there are twaasepad different temperature
gradients. The front half of the source is a quadrant of one ellipsoid, argthelf is a quadrant of
another ellipsoid. Figure 2 shows the double ellipsoid heat source wetifigp. Goldak’s new method
has been shown to be more accurate than previous methods such as theiBawadithdd, as well as the

previously mentioned Rosenthal theory for heat distribution in welding.
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Figure 2. Double ellipsoid heat source configuratio of Goldak [7]
Although Goldak has a good method, there was not an analytical solution untédriNcpuye up with one
in 1999. Nguyen came up with analytical solutions for the transient tetupefizld for a double
ellipsoidal heat source and experimentally verified his findiBjdood agreement between numerical
and experimental results shows the credibility of these solutionhias@ tgreat potential to be applied in
thermal and residual stress analysis and calculations. Knowledue leddt source and its effect on the
weld specimen is important to know to understand the welding process as a whole ranthevhe

problems of distortion and residual stress are coming from.

There are many ways to control welding distortion, as discusseere@His section of the literature
review will discuss previous work done in controlling and predicting distodaused by welding. Tsai
introduced a spring-shrinkage model to predict the distortion from weldimgttiand tee joint welded
structures [9]. In Tsai’'s model, he used a series of spring elementsiaonglts to acquire the
equivalent shrinkage force created by the weld. The spring propertéebyussai were spring constant
and spring force, which were required to develop the equivalent coredifter developing the
theoretical properties, the spring-shrinkage model was testepdicadbility, resulting in good
agreement between theoretical and experimental results. A lanitEdtthis research is the lack of a
physical experiment. The applicability study performed was a finiteegifemodel incorporating Tsai's
spring-shrinkage model into the model. Although models are created to prsttidiath and residual

stresses, a physical experiment would better confirm that the model propasedriate.

Mahapatra et al. 2006 investigated the use of constraint in one-sitlevélbing to see its effect on
angular distortion [10]. Strategically placed tack welds were wsedunter the effect of the welding
process. Results of the experiment showed that applying constrahmspadper position could indeed

counter the distortion from welding. However, no study of residual stressighaddd in this
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investigation. Similar to Mahapatra, Kumose et al. 1954 looked inticfioedof angular distortion in
one-pass fillet welding [11]. Pre-straining to eliminate distortionefdimg was researched. Pre-straining
involves either plastic or elastic straining in the direction oppasitiéstortion before welding is done.

Figure 2 below shows an example of elastic pre-strain.

L E R

Figure 3. Elastic pre-straining example [11]
Kumose found that the magnitude of plastic pre-strain to avoid distort®camaparatively smaller than
that of free angular distortion when the flange thickness is comparagnesgier than the weld leg length.
Free angular distortion in this research is referring to angulartitst that is free from external forces
and only affected by the experimental parameters. When applying @lesstrain to a welded
component, Kumose found that it was only necessary to consider applied skimaste®thing else to

find suitable values to avoid distortion, meaning that skin stress clgirelated to amount of distortion.

Michaleris investigated the use of the thermal tensioning tegbnareduce residual stress and distortion
in welding [12]. Thermal tensioning is pre-heating of the weldment bdfere¢lding takes place. He
proposes the use of heating bands which move along with the torch on eitioértseeveld. Thermal
tensioning works to control residual stress and distortion by generatingjla strain and the weld zone
prior to and during welding by imposing a temperature differential. Thé&iali length of the band are

obtained by optimization of the parameters that would lead to minimal stietsstortion.
Okerblom laid the groundwork for simplified analytical models of the wmglgrocess [13]. He proposed

a model that predicted the curvature and contraction (shrinkage) duldingi bending distortion in t-

joint fillet welds. Figure 4 shows examples of longitudinal bending and longéudontraction.
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LONGITUDINAL SHRINKAGE LONGITUDINAL BENDING
Figure 4. Longitudinal bending and contraction [2]
Using simple elasticity and plasticity theory, he determined magnitfuciervature and contraction based
on heat input from the welding process, the center of gravity of the weldamenthe basic material
properties of carbon steel such as thermal expansion and yield stres@ iderdlfed that the major
permanent deformations are driven by the cooling phase of the welding prdwdactis what allowed
him to use a simple treatment for the longitudinal contraction previouslysdisAn analytical method

that came about from Okerblom’s simplifications was the mismatcheddhstrain method (MTS).

Camiilleri et al. 2005 extended Okerblom’s work on longitudinal welding defiaors [14]. Of interest in
his work is the contraction force that he derived. The total forcaaexdeby the contracting weld metal
is represented by the cross-hatched area in Figure 5 below.

£

oTy = 2&y Thermal expansion oT

2 3

I
Contraction force s -
T B A B ol =gy
> i
/

/¢ 1 C
1 g 7"-.-. ’/ 4 lﬂy

/DEY D™~

-+ *

Elastic zone Yield zone Elastic zone *
— | N

N,
A
™,

Figure 5. Formulation of total contraction force via MTS [14]
If the force is integrated over the area, an equation for the force caoviepras a relationship between
heat input and material properties, as shown below in Equation 1, Caetibér2005. His results show
that the critical controlling parameter on longitudinal contractiocefds the heat input rate, which is well

known. Also the result is independent of yield strength.

o
F=0.335 E—E

vep (1)
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Residual stresses due to the welding process are inevitable areffdws on welded components cannot
be ignored. This section of the literature review will discuss tbeigus work done in measuring residual
stresses as well as the effect of residual stresses in weldimg €T al. 1998 investigated the effect of
weld conditions on residual stresses in butt welds [15]. He predicigdiaéstresses in one pass arc
welding using the finite element package ANSYS. As stated befong, Was using butt welded steel
plates, and was predicting both the longitudinal and transverse residss¢stide used spacing between
stress points of roughly 10 millimeters for the longitudinal stregsi(phto weld line) and a spacing of
roughly 15 millimeters for the transverse stress (perpendicularltbliwe). Teng did not specify where
these points occur, but it is assumed that they are on the surface etthpade. Figure 6 shows the
transverse residual stress along the direction of the weld lgeeF7 shows the transverse residual stress

perpendicular to the weld direction.

40 —

the length of the weld pass
—#— 50 mm
—@— 200mm
—Jl— 300 mm
400 mm

.40 —

G . (MPa)
G, (MPa)

-120 T T T - | T — -20 T T T T T T T T T ]

0 100 200 300 0 20 40 60 80 100

Y (mm) X (mm)
Figure 6. Transverse stress parallel to weldre [15]
Figure 7. Transverse stress perpemwdiar to weld line [15]
The main conclusion taken from this investigation was that the magnitude relsidual stresses with a
restrained joint is larger than Teng estimated with that of an unnestjaint. Similarly, Teng et al. 2001
was an analysis into residual stresses specifically in t-jdlieit Welds [16]. Residual stresses were again
predicted with a finite element method, and it was assumed that both sibdes-gdint were welded
simultaneously. Spacing between stress points of roughly 3 millimetenssedgor both the longitudinal
stress and for the transverse stress. The stress pointsatesl lon the surface of the base plates of the t-
joint. Teng briefly investigates the effect of restraint on anglikiortion and residual stresses near the
toe of the weld. He found that the peak residual stress was decredsesbtritint and he showed that the
technique used to prevent angular distortion also reduced stress neardhthe weld. Figure 8 shows

the transverse stress perpendicular to the weld line.
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Figure 8. Transverse residual stress perpendiculao weld line [16]
Tekriwal et al. 1991 used ABAQUS finite element software to preegitiual stress distributions in v-
groove butt welded plates [17]. Tekriwal found that the maximum trasesegress is produced near the
heat-affected zone (HAZ) boundary. Andersson looked at the transvessarstoett welded joints done
by submerged arc welding [18]. The stress points are located on both tine topitam surfaces of the
plates. Andersson used strain gages to capture the stress data fromditige precess. Figure 9 below
shows a picture of the strain gage setup on the butt welded plates.

“Hold - down clamps
/ l

—
Finishing tab T
| ~Tack weld
Thermocouples |
AN |
& & —L o
; | 2000
3 |
N |
Strain gouges 1400

Figure 9. Arrangement for strain gages for stressraalysis in butt welded plates. [18]
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Andersson found that the hold down clamps were giving additional restrainieg fufrt0-25 MPa that
added tensile stress to the strain gage measurements, winidiméswith other papers in saying that
restraint increases residual stresses.

Wimpory et al. 2003 did a study examining the measurement of residual sinetsgkzde weldments
[19]. Neutron diffraction was the method used to obtain the residual stfesfasse t-joint weldments.
The measurements were taken at the toe of the weld through the $kickrlee base plate. Spacing
between these measurements was roughly 1 millimeter, both in the ¢thngjitand transverse directions.

Figure 10 below shows the typical sample done for this experiment.

t=12.5 mm
Figure 10. T-plate weld with measurement directionendicated. [19]

Wimpory found that the residual stress distribution had a maximum tenkiteofal 20 + 20 MPa close

to the weld toe, which is similar to what Tekriwal found with the HAZ bountdamg the highest stress
value.

After an extensive search of welding literature did not reveal anlyotiet& priori, restrained contraction
in steel castings was investigated due to the similarities betiveeretding and casting processes;
molten metal cooling and contracting is present in both processes. Anextsunsly on the
solidification behavior of steel castings was performed by Brigtygdes 1933 and 1936. This series of
investigations covered everything from formation of hot tears to caiotnesiresses of steel. Briggs’
second installation of the study was interesting and applied directli t@tlearch. In the second
installation, Briggs performed a study on hindered contraction in steglgsafir varying levels of
restraint [20]. One of the topics that Briggs wanted to answer wittstihdly was the comparison of the
loads in free contraction versus hindered contraction. The testgcastd by Briggs was a round bar
made in green sand. The bar design was important to obtain a uniform coolingotagé the entire

casting for the sake of accuracy of data. The bar was developddngérends and a smaller central
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section to achieve the desired uniform cooling rate and eliminate pobfezontraction and expansion

occurring simultaneously. Figure 11 below shows Briggs’ bar design.

,f‘////ﬁ/////////////////

",

4- CAST BAR : £ -NUTS
B- STAINLESS STEEL BOLTS F ~RELIEVING 8BLOCK
. C- STEEL BLOCH & -HORN GATE

D- STEEL SPRING
Figure 11. Design of contraction bar [20]

The bar was secured to the outside of the mold on one side and fastenad $tealfspring on the other
side. Steel springs were used to restrain the contraction of thelstieg cooling; they were used to
cause tensions similar to those that would be encountered by castirgsdiftarent springs were used
to provide three different levels of restraint to be measured. Briggs tbaulétudy the effect of the
restraint of the different springs on the contraction of the steel.é=idlis a graph of the amount of
contraction versus the solidification time for the three levelphg restraint, as well as the free
contraction trial. As is clear in Figure 12, the amount of contractiorriexyged by the bar decreases with
increased restraint from the springs. A practical use that Bsigggss for the data is to determine the
amount of stress a particular casting has encountered by measuringdihregattcasting to find amount
of contraction and hence the amount of stress. Briggs’ data makeshieus$éind a stress level at a
certain temperature of the cooling steel, which is very useful inndietieg the strength of steel around

its melting point. This research performed by Briggs is the basexfmriment performed in this study.
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Figure 12. Contraction of 0.35% carbon steel underarious loads [20]
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A review of the literature related to this subject has revealed diffayent methods of analyzing residual
stress and distortion in welding, but nothing is found a priori to the mettb@ oésearch. The research
discussed throughout this paper involves using linear springs to restjaintdillet weld as a method of
reducing distortion and residual stress, while investigating what #¢ffecestraint has on the contracting
weld metal. This will be discussed in much greater detail in the nextrsetibis paper. The knowledge

acquired during this search was instrumental in forming the directithisqgfroject
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Chapter 3. Experimental Setup

The objective of the experiments is to understand the relationshipdmetiigtortion, residual stress, and
restraint. This is achieved by obtaining distortion and stress dstelik in the following chapter.

Two AISI 1018 steel plates, one with dimensions 12" x 3" x 3/8” (base plate) anaandtth
dimensions 12" x 4" x 3/8” (vertical plate), were welded together in a orse“pagoint using the gas
metal arc welding process (GMAW) as shown in Figure 13 below.

Figure 13. One pass t-joint fillet weld
Variables that affect the weld bead and were controlled in this isefude, but are not limited to,
voltage, amperage, and wire speed. The Procedure Handbook for Arc Welding veaceef¢o find the
recommended combination of variables for the type of material and jeidtishis research [21]. From
the recommendations of the handbook and a few trial welds, the weld settitigs &xperiment were
determined and are shown in Table 1 below.

Table 1. Weld Parameter Settings
Voltage Amperage Wire Speed Travel Speed

V) (A) (in. /min.) (in. /min.)

28 335 475 13

A fixture was used to hold the part which is described below. Since thefghes experiment was to
understand the contracting weld metal, linear compression springs weite asin said goal. These

springs were placed across the top edge of the t-joint to act stsadnteto the contraction of the weld

metal, resisting distortion that occurs due to the welding processpiiihgsswere placed every 2 inches
across the top of the vertical piece of the t-joint for a totél grings across the entire weldment. Several
different levels of spring restraint were tested in this experiment dinokvdiscussed in more detail later
on in this section.
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A weld fixture needed to be created to hold théngsrin placed on the weldment during the welc
process. It needed to allow access to the weldyakdth being able to hold the springs in place
allowing measurements to be taken all without remgvhe weldment or unclamping it. Figull4 shows
the weldment loaded into a weld fixture createtal it while the welding occurs. The bottom platas
clamped down to the fixture to allow the diston to be reflected in the vertical piece of t-joint. Two
plate clamps were used along the bottom plate @baick side of the weldment and two bolts were
to clamp the bottom plate on the weld side to allloe/weld gun access to the weld joirack welds on
each end of the weldment were used to hold thécaépiece in the case where no springs were pt:
and the springs hold the vertical piece in othees

PLATE CLAMPS

Figure 14. Weld Fixture
The vertical plate resttat against the back before welding is performBue back plate also serves ¢
machined gage block, allowirdgpthmicrometer measurements to be taken through tles oktheback
plate. The holes in the bapkate correspond to the 6 spring locas. The cylindrical pieces along t
front of the weld fixture hold the springs in pladgring welding The cylindrical piece are threaded to
allow the springs to be tightened down againswtrécal plate of the weldment. Figul5 below shows

one of he spring holders on the weld fixtt

Figure 15. Spring Holder on Weld Fixture
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This weld fixture setup differs from the research done by Tsai distussiee literature review in the
location of the springs. Tsai placed spring elements at the weldgsinain be seen in Figure 16. This
research places the springs along the top of the vertical plate gbthe It would be impossible to place
springs at the weld joint due to accessibility issues, so the sprimggplaeed along the top as stated.

Longtudinal Fs

direction

BD(shrinkage spring) | |
0.0625

BD{bending spring) |
) 0628

Tranverse direction |
A B(shrmkage sprng)
0.0625 ‘

A B(bending spring)

Figure5 16. Tsai's spring elements [9]
Several different levels of spring restraint were tested irettperiment as shown below in Table 2. The
levels were determined by using Hooke’s Law with an estimate fotréregth of steel at welding
temperatures and at room temperatures. To determine the springuhegstimate of the strength of low-
carbon steel was acquired from Briggs [20]. From Briggs, the strengtivafdrbon (.15%) steel at
welding temperature of approximately 700°C was estimated to be 1500 psi anohfidemperature of
approximately 25°C it was estimated to be 2600 psi. The cross-sectionaf treaveld bead was also
used to in determining the spring levels. The formula for cross-sectim@als shown in Equation 2
below.

A= 1*ch; SIZEY

2 )

The recommended leg size for a 3/8” plate from the handbook for arc weldi3g'1§2L]. Performing
the calculation gives a cross-sectional area of the weld bead to be 0.@&tisgues. Applying these
values to Hooke’s LawF{ = gA) gives a value of 60 pounds at welding temperature and 104 pounds at
room temperature. In addition to the levels of restraint involving sprimg levels not involving spring
restraint were tested. One level was welded with no springs at all aothénevas a fully restrained weld
with the weld pieces fully clamped down. Full restraint was achievexsieyting steel bars into the
spring holders to fully restrain the weldment across the top. Spring legsdschosen to allow a spread

of restraint within the calculated values.
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Table 2. Summary of Weld Replications

Replication  Spring Restraint Levels

# (LBS)
1-4 None
5-7 80.4
8-10 96.0

11-14 162.0

15 Full

The springs were tightened against the vertical plate, and were heruessed by a certain length. The
procedure used to tighten the springs was to do one full turn after initiatitagtaith the vertical plate.

This resulted in roughly 0.05 inches of compression for the springs priotdimgvel he spring rates for

each of the levels of restraint is as follows: the 80.4 pound springs atelad 536 pounds per inch, the

96 pound springs had a rate of 310 pounds per inch, and the 162 pound springs had a rate of 1080 pounds
per inch.

To capture the amount of distortion occurring due to the welding process, nteroneasurements were
taken before the weld to get an initial position of the plate and afteraldewas complete to get a final
position of the plate. The difference between these two measuecimémt amount of distortion. Before
the final position measurements are taken, the weldments weredtioweol to a maximum
temperature of 120 °F. This was done to have consistency between dazlwelds to help minimize
measurement error. Each measurement was measured three timesagetaeereduce the effect of any
measurement error; this average is what was reported as thadatistaftie for a given replication. A
detailed assessment of measurement error was performed and isediscubetail in the appendix.
Measurements were also taken after the springs had been released fram tineee if there was any
effect from releasing the springs. To ensure repeatability, at3eaplications were performed at each
level of spring restraint. Full restraint level was performed oncedore that no distortion was occurring

at that level. Table 2 summarizes the number of replicatioresafdr level.

The majority of the welds were performed using an automatic traveleppao give a consistent arc
travel speed for each weld as shown in Figure 17. To further ensueegbality weld was being
produced, one specimen from each of the 5 spring levels was performed by aesnerpigproduction

welder at John Deere in Ankeny, lowa.
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Figure 17. Automatic travel apparatus
To more fully understand the effect of the restraint on the contracting méal weld, residual stress
measurements were performed on the welded specimens. X-ray diffractidrewasthod chosen to
measure the residual stress in the weld specimens. A brief descdpthe X-ray diffraction technique is
that elastic strain can be calculated from changes in interplanar spéttirige Bragg equation and

wavelength of the x-ray [5].

A= 2dsind gyinz € = = = —cot6 40 -
Once strain is determined, it can be converted into stress using a sudtablefistiffness. Two
objectives were determined for the residual stress measusedenaty diffraction measurements were
taken both parallel and perpendicular to the weld to understand the impasttaihteon the weldment.
The pieces had to be prepared to fit into the x-ray diffraction machig,eF1l8 shows the size that the

specimens were cut to for the x-ray diffraction tests.
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It is understood that there will be some degree of stress relaxation ttheenbodification of the
weldment by cutting it. To have a general idea of this, lines welgeslcoin the weldment before it was
cut to allow a measurement to be taken after the piece was modifiechditnge in dimension due to
modification was minimal, as the scribe lines were less than 1/32 o€ladifferent after modification
by cutting. A strain gage would be necessary to determine exactly how mu@tioslax occurring

because of the modifications to the weldment.

For each weldment there were 24 potential measurement locations, howevercahsraints not all
measurements were taken for all samples, Figure 19. In the longitudirébdiyéhe measurement
locations are spaced every two inches, which corresponds to the spacingesfrdiring springs. In the
transverse direction, spacing of 5 millimeters (0.20 inches) wasrha@sed on previous research [17-
19]. The following nomenclature is used throughout this report to desitneatesiasurement locations
(L, T) where L is the longitudinal direction from the weld start ansl the transverse direction from the

center of the vertical plate, both L and T being measured in inches.

Figure 19. Stress measurement spacing
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To capture the trend across the weldment, points were taken on the 96 poundrspedited at John
Deere. Points were taken at all values of L and at T = 0, 0.20, and 0.60 forod i&aheasurement
points. To capture the trend between levels of restraint, pointdakemreat L=9and L=11and T =0,
0.20, 0.40 and 0.60 at each of the 5 restraint levels for a total of 30 points.

The x-ray diffraction machine used in this research was a Bruker D8dduffin@ter with a 2-dimensional
aerial diffractor. The machine has a power rating of 30 kilovolts and uses ahraulies as opposed to
the more common copper tubes. The stress specimen is fixtured into the firé@yicin machine and the
x-ray is positioned over the desired spot where the stress is to be measurdatieGneg is in position
and the part is securely fixtured, the stress measurement direct®ninto the machine. At each
measurement point, the stress in the transverse direction was etkeiasihis experiment. Transverse
stress was measured because the distortion was occurring in the sauéwesation. The material
properties of the part are also entered in the software beforeottesgiis started. The machine requires
the elastic modulus of the steel for its calculations; in this, tAsenodulus used was 220 GPa. Once
these are set, the machine can then be turned on and the measurementkeanHeeta-ray is swept
across the part to produce the diffraction peak, which the softwaredheerts to residual stress. Figure

20 below shows how the x-ray is swept back and forth 90 degrees.

Stress Piece

X-ray

X-rayTube
Figure 20. X-ray measurements
After the measurements are completed, the software outputs thevatuesswith their associated errors.

Errors were never greater than 10 MPa, with the average error beinBa6 M
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Although no finite element modeling was done in this research, it isngtiirtant to understand some of
the conditions of the experiment. Modeling the thermal aspect of the experinuermdsbe fairly
straightforward, as there are many papers on the welding heat source &adtits &nite element

modeling.

The mechanical aspect of a thermo-elastic-plastic model does needgoussel], however. Boundary
conditions need to be set up to define the scope of the mechanical an&lymsale some assumptions

that are made about the structure that simplify the model. They aréoassfol

Assumptions
* Yielding occurs according to von Mises yield criterion and associatverfiles

= The material follows kinematic work hardening

Boundary constraints are applied on the base plate in the form of clamps. [@hgserestrict the

movement of the base plate in all degrees of freedom; the plate isstelmpestricted from movement.

The springs across the top of the vertical plate also need to be cahsiderespring restraint is not full
restraint in all directions as the clamps are. The main goal of tings|s to restrain distortion in the
direction transverse to the weld line. Therefore, the springs asthjctehe vertical plate from moving in

one direction, allowing the plate to possibly slide in the other two directions.
Another consideration in modeling the spring restraint is the factbaiprings are applying different

amounts of force at different points in time. This means that the spsimginé must be modeled as a

transient model.
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Chapter 4. Results

This section presents the distortion and residual stress datzelieom the experiment performed. The
distortion data will be presented followed by the residual stress dguaed from the x-ray diffraction
software. Weld bead quality will also be presented to confirmilieatveld settings used in the

experiment were producing quality welds.

Figure 21 shows the results from all the weldments performed in théragperThe horizontal axis
corresponds to measurement points taken along the length of the weld aheedigim the start of the
weld, denoted by L. The welds with no springs were tack welded on each end to helditia¢ piece in
place, so the piece was not exactly vertical after the tacks werzplEhe initial measurements were
taken after the tack welds were in place. The data for the wéhlsevsprings was very inconsistent.
The data for the three levels of spring restraint was very consisiéimta good agreement between the
welds performed with the automatic travel table and the welds doakraDé&ere. It should be noted that
the 80.4 pound springs do not completely prevent distortion at the beginning of the ivalthvging
0.01-0.02 inches of distortion. Also, a gradual increase in distorti@eisas the distance from the start
of the weld increases.

0.13
A
0.12 A
0.11 o
A
0.1 u [ | =
A .
_0.09 [ M No Springs
£
= 0.08 e
5 - - B A ° A80.4 LB
5 007 = u = : m
r [ | [ |
8 0.06 u i | ©%6LB
0.05 = = : & * +16218
0.04 y ® §
0.03 [ ] t ® Full Restraint
0.02 Y A ® ‘
0.01 A | s
0 ¢ 4 *
0 1 2 3 4 5 6 7 8 9 10 11 12
Inches from Weld Start (L)

Figure 21. Distortion data for all welds
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The 96 pound springs hold the piece to no distortion at L = 1 and experience the same gradua
increase in distortion as L increasebe highest spring restraint of 162 pounds held the piece to no
distortion from L =0 to L = 5. The 162 pound restraint weldments seem to experigmmger increase

in distortion because the distortion is only occurring in the second half oetdespecimens, but the

overall distortion is the lowest of the three spring restrairi$e8teel rods were placed in the spring
holders to achieve full restraint of the weldment. The full restraeld was performed at John Deere and

has good agreement with the zero distortion to be expected from a fulymediweld as can be seen in
Figure 21.

Figure 22 shows the effect of different levels of spring redtrAmcan be seen, as the spring restraint
increases the distortion experienced decreases. An average distquidereced for each level of spring
restraint was taken at L = 11 to compare and is denoted by a line in ERyUree average value for the
weld specimens with no spring restraint ended up being lower than the 80.4 paogdesiraint value.
This can be attributed to the tack welds that were required to holétiieal/piece; these tacks had an

effect on where the weld piece was initially located, possibly gioyirestraint to the weldment.

0.14
0.12 -
[ ]
[ ]
0.1 °
- [ ]
c —
f 0.08 ':'
% °
2 006 °
2
o °
0.04 T
0.02
0 -
NO SPRINGS 80.4 LB 96 LB 162 LB FULL RESTRAINT

Figure 22. Distortion data for each spring restrairt level at L = 11
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A weldment was also produced to see the effect of the tack welds on thmeeamés with no spring

restraint. Figure 23 below shows the distortion data for a weldment produbeshwitack weld located

at the beginning of the weld. As can be seen, the distortion is much greatisrneeldment that the other

weldments with no spring restraint and two tack welds. This confirm#hii#ack weld located at the end

of the weld is most certainly providing a degree of restraint.

0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

—
/l'
/./

Distortion (in)

1 3 5 7 9 11

Inches from Weld Start (L)

Figure 23. Distortion data for weldment with no sping restraint and one tack weld

Figure 24 shows the distortion data for the weldments performed at Joren Dieie graph is presented to

help show the relationship between distortion and residual stress, whible piesented in Figures 25-

28.
0.14
0.12 /
0.1
£ / /. ——No Springs
=}
S —0—96 LB
2 0.06
a / ——1621B
0.04 / Fully Restrained
0 B v
1 3 5 7 9 11
Inches from weld start (L)

Figure 24. Distortion data for welds performed at &hn Deere
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Figure 25 shows the residual stress data at T = 0 for the weldpagfdemed at John Deere for each of
the restraint levels. The stress experienced is tensile, strebis fairly consistent across the weldment.

The stress values for the welds with springs show lower stress vandsgitithe unrestrained weld.
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Figure 25. Residual stress data at T = 0 for weldserformed at John Deere
Figure 26 shows the residual stress data at T = 0.20 for the wedpssformed at John Deere for each
of the restraint levels. The trend across the weldment starts tmutsile stress at the beginning of the
weld and transitions to compressive stress roughly at the middle of ltheTle springs show a lower

stress value at the end of the weld than the weldments with no reatraifutll restraint.
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Figure 26. Residual stress data at T = 0.20 for wad performed at John Deere
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Figure 27 shows the residual stress data at T = 0.40 at L = 11 for the walgmdaitmed at John Deere
for each of the restraint levels. The stress values for thaswth springs show lower stress values than

for the unrestrained weld.
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Figure 27. Residual stress data at T = 0.40 for wad performed at John Deere
Figure 28 shows the residual stress data at T = 0.60 for the emtslperformed at John Deere for each
of the restraint levels. The trend across the weldment starts tansile stress at the beginning of the
weld stays tensile for the most part with the exception at T he€dencompressive stress is experienced.

The springs show a lower stress value at the end of the weld than the mtaeldthdull restraint.
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Figure 28. Residual stress data at T = 0.60 for wad performed at John Deere
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4.1 Size and Shape of the Weld Bead

It is also important to verify that the welds that were performedarsidered to be quality welds. A full
strength weld is designed according to the leg size of the weld [21]. THdegeadizew, is defined as
three quarters of the thickness of the plates being weldded/4t). In this research, to acquire a full
strength weld, a weld leg size of at least 0.28125 inches is needed. Eieelefja weld can be
determined by the largest right triangle that can be inscribed withwweld cross-section. A diagram
demonstrating this can be seen below in Figure 29.

L
Figure 29. Determination of weld leg sizew [21]

In order to determine if the weld settings were producing a quality weld, mglesiwere chemically
etched with standard etching procedures and a 15% nitric acid 85% metlkhimg sblution to reveal
the cross-section of the weld bead. Samples etched were the 96 pound weld prodircedee(® at
L=1 and L = 11. Figure 30 below shows the cross-section of the 96 pound weld at th=tHewi
inscribed triangle to determine the weld leg size. From the triathgleveld leg size at L = 1 is
approximately 0.33 inches. The maximum depth of the weld is approximately 0.284.inc

Figure 30. Cross-section of 96 pound weld at L =1
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Figure 31 below shows the cross-section of the 96 pound weld at L tH.thevinscribed triangle to
determine the weld leg size. From the triangle, the weld leg size al lissapproximately 0.34 inches.

The maximum depth of the weld is approximately 0.310 inches.

Figure 31. Cross-section of 96 pound weld at L = 11
Both of the etches confirm that the weld settings are producing a weld tHattheespecification for the

minimum weld leg size of 0.28125 inches required to be considered adulytstrweld.
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Chapter 5. Discussion

This discussion section provides an opportunity to explain some of tls tad data from the results of
the experiments. The first topic discusses the distortion data patternghy they follow a longitudinal

bending distortion pattern. Lastly, the trends associated with resigesd data will be discussed.

5.1 Distortion Data Pattern

The distortion data pattern for the weldments with spring restraint catplaéned by longitudinal
contraction forces. The distortion follows a longitudinal bending pattern ftdentt no distortion at the
beginning of the weld to a significant amount at the end of the weld. Longitudinedatant forces give
rise to longitudinal bending and the deviation of the weldment is intensifidtebg contraction forces,
increasing in a non-linear manner as weld is added to the structure [22)y Boeyss the weld is also
increasing as more weld metal is added to the structures, and thisdrighgy input will lead to
distortion. This means at the beginning of the weld, the contraction forcel&gemenough to overcome
the restraint provided by the springs, and the result is little to no ghstattthe beginning of the weld. In
contrast, at the end of the weld, the contraction force has been increasimmitireear manner and the
energy has been building up as well as the weld is added to the t-joint. Tthelafienergy and
contraction force is enough to overcome the restraint provided by the sprihgsat of the weldment.
The result of this is that there is a significant amount of distoetxperienced by the weldments at the

end of the weld.

5.2 Residual Stress Trends

In the residual stress data, there is a trend as L increases. Bhalateethat is taken at T = 0.20 starts out
as tensile stress at the beginning of the weld and transitions to cangstsess roughly halfway

through the weld pass (L = 6), as can be seen in Figure 32 below. This phenomenon déilype par
explained by the heating and cooling of the weld pool. Upon heating, the weld pool anifidoted-a

zone (HAZ) expand resulting in a residual compressive stress in themekllresidual tensile stress in
the base metal [23]. Normally, as the weldment solidifies and cbelsyeld pool volume contracts,
leaving a tensile stress in the weld and a compressive strégstiage metal. The weld metal is in tensile
stress at the beginning of the weld, which can be attributed to a coimbioBseveral things. At the
beginning of the weld, there is little to no distortion, meaning that thiealgolate is not moving. Also,
there is a small amount of energy from heat input at the beginning of theimeddhe heat has not had a
chance to build up. Combining these things means that the spring restragrighan the contraction

force and energy, holding the plate to no distortion. This can explain thie nsss at the beginning of
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the weldment being tensile; it has been locked-in because of the weldryietato contract but not

being able to do so.
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Figure 32. Stress pattern, 96 pound John Deere welt T = 0.20
Near the middle of the weldment, there is an area that is experiencings® $b explain this, the
concept of reaction stress needs to be introduced. Reaction stiressteesses that are caused by external
constraints to the system [24]. These reaction stresses are causedibtpttien of the vertical plate
causing the plate to push against the weld metal. The spring restrainbigyaofully restraining the
vertical plate from moving, allowing the plate to distort. Thisoscof the plate pushing on the weld
metal causes a compressive reaction stress which grows as mmnteodisiccurs. By the middle of the
weldment, the compressive reaction stress is roughly equivaldw tstial tensile stress that is locked-in
the weld from restrained contraction. Stresses add vectorially, mehatragting a tensile stress and a
compressive stress of the same magnitude essentially leads tosaesspwhich is what is seen at the
middle of the weldment. By the end of the weldment, the reaction stress tgube distortion and built
up energy has grown much larger than the spring restraint, and the conepségss overtakes the
tensile stress. This leaves a compressive stress atdloé gre weld as seen in Figure 32.
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Chapter 6. Conclusions

This research uses spring restraint resisting the contractioa wildd metal to help understand what is
happening in the weld metal in one-sided t-joint fillet welds. Thdteestithis research begin to present
some insight into the concept of variable restraint. The weldgethat were chosen were providing

guality welds as was shown by the etching procedure.

The distortion pattern produced from the welds that had spring restraivg aptin them followed a
longitudinal bending distortion pattern. This result provided insight intzimgthat the contraction
forces and energy were growing non-uniformly as more weld was being added tddheit. Using
one level of spring restraint across the weldment seems to be irifficihold the weldment to minimal

distortion, as even the larger springs did not achieve zero distortion.

The residual stress data can begin to be explained by the conceptiohrstaesses. However, it should
be noted that the stress distributions are a very complex entity and tlaisagipl is by no means a
complete and definitive explanation of what is going on with the resitteabgatterns in these
weldments.

www.manaraa.com



31

Chapter 7. Future Work

There is good potential for future work that can be extended from thecprThe first area that can be
explored would be to complete the entire set of residual stress dataefgmrestraint level. This could
give more insight into exactly what is going on in the different levetssifaint. X-ray diffraction is an

expensive process and was a limiting factor in this research.

Another area of focus for future work would be to investigate spring rddtaats above 162 pounds.
The 162 pound springs still did not keep the weldment to a reasonable levébrtiodisit the end of the
weld, so investigating higher levels of restraint would be benefced¢ if the restraint levels are
becoming too high and leave residual stresses in the weldment, i.e. thetirsgdike a fully restrained
weldment. This work would be instrumental in determining if variableai@stcan possibly reduce both

distortion and stress.

The final area that could be investigated concerns the restraing #oeoseldment. In this research, the
springs were kept constant across the weldment. From the resalteedbit would be useful to consider
the effects of using different levels of restraint across the vld.would be done by mixing the springs
across the weldment, most likely starting with lower values ofaiestand transitioning along the
weldment to higher levels at the end of the weld. This is basit@lgdncept of variable restraint; doing
an experiment such as this would unveil if variable restraint acrosgetment can indeed reduce

distortion while reducing stress.
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Appendix A. Measurement Error Analysis

Repeatability is the variation in measurements taken by onerpersnstrument on the same item and
under the same conditions. Repeatability can also be thought of as precesimeadurement instrument.
In these experiments, every measurement was performed by one operator,tabiligpeathe main

possible source of error.

To quantify the repeatability error, multiple trials and parts as needddds lertor analysis, a total of 6
different “parts” were measured. Parts in this analysis refexdio ef the 6 measurement positions on the
gage block of the weld fixture. The number of measurements taken at editihposhumber of trials,
was 10 at each position. All measurements were done on a part that wasealgmgaétined against the
gage block.

The measurement system repeatability is:

5.15R

Repeatability =

2
whereR is the average range for all positions and trials, and
g is found from Table 1 with Z = number of parts times number of appraisers,
and W= number of trials.
Table 1: Values of d

Z W
2 3 4 5 6 7 8 9 10 11 12 13 14 15
141 191 224 248| 267 283 296| 3.08) 318 327 335 342 349 355
128 181 215 240{ 2600 277 291 302 313 322 330 338] 345 351
123 177 212) 238] 258 275 289 301 311 321 329 337 343 3500
121 175 211 237] 257 274 288 300 3.10] 320 328 336 343 349
119] 1.74] 210] 236] 256] 278 287 299 3.10] 319 328 336 342] 349
118] 173 209] 235 256] 273 287 299] 310 319 327 335 342] 349
117 173] 209 235 255 272 287] 299 310] 319 327 335 342 34g|
117 172 208] 235 255 272 287 298] 309] 319 327 335 342] 344
116] 172 208] 234] 255] 272] 286 298] 309 319 327 335 342 34§]
10 116] 172 208] 234] 255 272 286] 298] 309 318 327 334] 342 348
11 115] 171] 208] 234] 255 272 286] 298] 309 318 327 334] 341 348
12 115 171 207] 234] 255 272 285 298] 300 318 327 334] 341 348
13] 115] 171 207] 234] 255 271 285 298] 3.09] 318 327 334] 341 34g]
14| 115 171] 207] 234] 254] 271 285 298] 300 318 327 334] 341 348
15| 115] 171] 207] 234] 254 271 285 298] 3.08 318 326 334] 341 34g]
>15 | 1128] 1693] 2059] 2326] 2534] 2704] 2847 297 3078] 3173] 3258 3336] 3407] 3477

W~ | flCIh =

For this experiment, Z was equal to 6 (6 positions times 1 appraiser) and @fual to 10 (10 trials).
This led to a value of,dbf 3.10.
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Table 2 below shows the data acquired for the error experiment. R foroeads the calculated range for

that position across the 10 triafsis the average of all the ranges across the 6 positions.

Table 2: Measurement error data

TRIAL

POSITION| 1 2 3 4 5 6 7 8 9 10
1 0.249 | 0.25 0.249 | 0.25 0.249 | 0249 | 0249 | 025 0.25 0.249 | 0.001

2 0.25 0.25 0.25 0.251 | 0.251 | 0.25 0.25 0.251 | 0.25 0.251 | 0.001

3 0.248 | 0248 | 0248 | 0.249 | 0248 | 0248 | 0248 | 0249 | 0249 | 0.248 [ 0.001

4 0.247 | 0.247 | 0248 | 0.248 | 0.247 | 0.247 | 0248 | 0247 | 0248 | 0.248 | 0.001

5 0.249 | 0.25 0.25 0.25 0.249 | 0.25 0.249 | 0.25 0.25 0.249 | 0.001

6 0.25 0.251 | 0.25 0.25 0.251 | 0.25 0.251 | 0.251 | 0.25 0.251 | 0.001

R | 0.001

From this data, calculating the repeatability for this measurepneo¢ss is shown below.

5.15 % 0.001

Repeatability = 310 = 0.00166

So from this measurement error analysis, it can be said that the emastisystem is repeatable to

0.00166 inches, which is an acceptable error.

Formula and Table 1 acquired from following reference.

Repeatability and ReproducibilitfPublication. 1999. Engineered Software, Inc.

<http://www.engineeredsoftware.com/papers/msa_rr.pdf>.
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