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Tässä diplomityössä tarkastellaan neljästä eri materiaalista hitsattujen putkiliitoksien
staattista äärikestävyyttä sekä iskukestävyyttä. Putket ovat pyöreitä ja valmistettu lujista
teräksistä. Liitokset hitsataan TIG, MAG ja kaarijuotto prosesseilla. Tavoitteena on verrata
eri materiaalien käyttäytymistä sekä löytää luotettavin materiaalin sekä hitsausprosessin
yhdistelmä. Hitsin kapasiteetti toimii referenssinä liitoksen kestävyydelle ja on myös yksi
tutkimuksen kohteista.
Työssä tutkitut liitostyypit ovat T-liitos taivutetulla paarteella sekä X-liitos. Liitoksia
tutkitaan käytännön kokeilla sekä hyödyntämällä FE-analyysiä. Testit suoritetaan pääasiassa
veto- ja iskukokeina huoneenlämpötilassa. Liitokset hitsataan tasalujiksi perusmateriaaliin
nähden käyttäen hieman alilujaa tai tasalujaa lisäainetta. Havainnolliset tulokset ovat voimasiirtymä kuvaajia. FE-analyysiä hyödynnetään testituloksien luotettavuuden varmistamiseen
sekä vertailuun. Sitä käytetään myös jännityskonsentraatioiden suuruuksien määrittämiseen
liitoksen kriittisissä kohdissa.
Putkimateriaalien tutkiminen osoitti, että niiden käyttäytyminen voi olla erilaista
liitostyypistä riippuen. X-liitoksessa C osoittautui huonoimmaksi, vaikka materiaaliarvoista
päätellen tulos olisi voinut olla parempi. T-liitoksessa C käyttäytyi samalla tavalla kuin A ja
B. D saavutti materiaaleista suurimmat voimat molemmissa liitostyypeissä, mutta oli
samalla haurain. D:ssä murtuma sijaitsi aina hitsissä, joten lujemmalla lisäaineella tulokset
voisivat olla parempia. A sekä C hajosivat aina perusmateriaalista ja B vaihtelevasti hitsistä
sekä perusmateriaalista. Hitsausprosessi ei vaikuttanut T-liitoksissa maksimivoiman
suuruuteen vaan lähinnä muodonmuutokseen murtumahetkellä. Kokonaisuudessaan TIG
hitsatuissa liitoksissa saavutettiin suurimmat muodonmuutokset ennen murtumaa eikä
haurasmurtumakaan osoittautunut kriittiseksi iskumaisessa kuormituksessa. Muut
hitsausprosessit vaikuttivat tuloksiin materiaalikohtaisesti.
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ABSTRACT
LUT-University
LUT School of Energy Systems
LUT Mechanical Engineering
Jere Partti
Investigation of tube materials
Master’s thesis
2019
96 pages, 65 figures, 13 tables and 10 appendices
Examiners: Prof. Timo Björk
M. Sc. Ossi Mertsalmi
Keywords: tubular joint, static ultimate capacity, impact strength, cold forming

In this thesis ultimate static and impact capacities of welded tubular joints made of four
different materials are research. Tubes have circular hollow section and are made of high
strength steel. Joints are welded using TIG, MAG and MAG-brazing welding processes. The
goal is to compare different material behaviors and find the most reliable combination of
material and welding process. The capacity of weld works as a reference value for the
capacity of joints and is also under investigation.
The researched joint types in this thesis are T-joint with bended chord member and X-joint.
The joints are studied by practical tests and utilizing FE-analysis. Tests are mainly performed
as tensile and impact tests at room temperature. The joints are welded into equal strength
compared to the base material using slightly under-matched or equal filler material. The
concrete results are force-displacement graphs. FE-analysis is utilized to compare and verify
the validity of the test results. It is also used to determine the magnitude of stress
concentrations at critical points in the joint.
Examination of tubular materials showed that their behavior can be different depending on
the type of joint. At the X-joint, C turned out to be the worst, even though the results could
be better based on the material properties. In the T-joint, C behaved in the same way as A
and B. D achieved the highest forces from materials in both types of joints, but was also the
most brittle. In D, the fracture was always located in the weld, so with a stronger filler
material the results could be better. A and C always broke from the base material and B
varied from weld to base material. The welding process did not affect the maximum force in
the T-joints but mainly the deformation at fracture. Overall, TIG welded joints achieved the
highest deformation before fracture and brittle fracture proved not to be critical under impact
loading. Other welding processes affected the results on a material-by-material basis.
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LIST OF SYMBOLS AND ABBREVIATIONS

A

Elongation [%]

a

Weld throat thickness [mm]

D

Chord diameter [mm]

d

Brace diameter [mm]

dt

Material thickness [mm]

E

Modulus of elasticity [MPa]

e

Deviation from straightness [mm]

fy

Yield strength [MPa]

fu

Ultimate tensile strength [MPa]

M

Moment [Nmm]

T

Chord wall thickness [mm]

T0

Work temperature [°C]

T8/5

Cooling time from 800 to 500 °C [s]

t

Brace wall thickness [mm]

L

Chord length [mm]

L1

Brace length of t-joint [mm]

L2

Brace length of x-joint [mm]

Lb

Total width of bended chord [mm]

Q

Heat input [kj/mm]

R

Midline bending radius [mm]

umax

Displacement at maximum force in the T-joint [mm]

W

Section modulus of the cross-section [mm3]

x

Variable through the wall thickness

ε

Strain [-]

εtrue

True strain [-]

βw

Appropriate strength factor [-]

γM0

Partial safety factor [-]

γM2

Partial safety factor [-]

γF

Joint capacity under axial load [-]

9

γM

Joint capacity under bending load [-]

δmax

Maximum displacement before fracture [mm]

δp

Plastic deformation [mm]

εf

Fracture strain [-]

σ

Stress [MPa]

σb

Bending stress [MPa]

σm

Membrane stress [MPa]

σhs

Hot spot- or structural stress [MPa]

σnlp

Nonlinear peak stress [MPa]

σtrue

True stress [MPa]

θ

Angle between brace and chord [°]

θb

Bending angle [°]

Δt

Duration of impact [s]

BC

Brace crown

BS

Brace saddle

CC

Chord crown

CS

Chord saddle

CEV

Carbon equivalent value

CIDECT

Comité International pour le Développement et l’Étude de la Construction
Tubulaire

DIC

Digital image correlation

DOF

Degree of freedom

FEA

Finite element analysis

HAZ

Heath affected zone

UHSS

Ultra-high strength steel

CHS

Circular hollow section

RHS

Rectangular hollow section

SCF

Stress concentration factor

TIG

Tungsten inert gas

MAG

Metal active gas
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1

INTRODUCTION

Today’s aspiration to build more demanding structures increases the use of high strength
steels. Ultra high strength steels (UHSS) are a perfect solution for structures that are wanted
to be both lighter and more efficient. Structures where are generally used high strength steel
are typically moving constructions like cranes, mobile machines and racing vehicles but also
some statically structures like pressure vessels. (Björk, Toivonen & Nykänen 2012, p. 71;
Guo et al. 2015, p. 534.)

The simple shape of the structural tube, good carrying capacity and easy weldability make
them a popular structural material. Steel strengths are constantly increasing, which requires
more knowledge from designer to design proof, secure and economically competitive
structures. The rapid development of steel grades leaves research and testing generally
behind, which slows down the optimum use of high strength steels.

1.1

Background of the study

Circular hollow section (CHS) tubular joints have not been studied as widely as rectangular
hollow section (RHS) joints. Researches made of CHS-tubes are mostly related to offshore
structures and architects prefer it in public structures. Wind and flow loads may also require
the use of a round shape. Round shape also allows optimal local buckling and buckling
resistance for axially compressed rod. From high strength thin-walled tubes, the existing
research material is limited. Since 1970 documents of tubular T-joint have been published
from zero to thirty in a year and X-joints even less (Scopus 2019).

The purpose is to investigate the tubular joints which are made by welders of workshop in
the normal circumstances that they have. The material is purchased from specific stockholder
to ensure that the joints of the test specimens are as similar as possible compared to the joints
that they have been making. Joints made in workshop are compared to joints prepared in
laboratory conditions.
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1.2

Objective and research questions

The objective of this study is to find out which combination of high strength steel tube
material and welding process creates the best joint that can be exploited in the common used
steel structures. There are also purpose to study the weld and its behavior. Based on the
objective, in this thesis research questions are following:
•

Which of researched tube materials enables the best strength properties of the joint?

•

Which welding process guarantees the most durable joints of the structure?

•

Which tube material and welding process creates the best combination for making
tubular joints?

•

How the weld behaves in the joint of tubes under load (failure modes)?

The criteria are limited to load- and deformation capacities of static load at room
temperature.

1.3

Framework

Laboratory tests of the research are limited to two joint types: T-joint where chord has bend
and T-joint. Four different tube materials and three welding processes are used which made
totally 12 different test specimens. Different test pieces are tested under quasi static and
impact loads. Tests includes also reference specimens for which the obtained results can be
compared. The total number of tests were attempted to keep between thirty and forty. Finite
element model is made for analyzing the behavior of the weld in the joint and investigating
the stress distributions in different locations. Finite element analysis is also used for
comparing and illustrating test results.
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1.4

Research methods

The main research methods in this thesis are laboratory tests and finite element analysis
(FEA) and also analytical calculations. Laboratory tests are performed in order to get real
strength values for joints and to see damage and deformations of the test specimens. The
values obtained from the installation welded pieces are compared to the values obtained from
the reference pieces. The results of the tests are compared to find the best possible
combination between materials and welding processes. Finite element model are analyzed
by using software FEMAP where the calculations were performed with Nx/Nastran solver.
In addition to laboratory tests and FE analysis, the topic are also studied from literature. The
literature review focuses on materials, forms of damage and welding processes. Information
on the literature is also sought for experimental arrangements, interpretation of the results
and computation purpose if needed.
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2

THEORY

Literature review was in remarkable role in this thesis. The scientific articles and books were
used as references in this literature review. Essentially none of the sources had been
published over ten years ago so the information is up to date. Older books were only used to
references for fundamental theories because there are always risk that the information is
outdated. The same information was usually searched for several sources to ensure the
accuracy of the information.

The following theory chapter contains general information that is needed in this research.
The research began by searching information about steel tubes to be used. All used welding
processes have also been explained. It is meaningful to understand the theory behind failure
modes which can happened in the tubular joints no matter where it is used. The required
tolerances for the test tubes were also compared based on the conditions set by the
manufacturing methods. Figure 1 shows basic tubular T-joint and its members and
dimensional symbols.

Figure 1. Tubular T-joint (modified AWS 1999, p. 29).

14

2.1

Tested tube materials

This research includes four different tube materials, which are following:
•

A

•

B

•

C

•

D

Strength and toughness of high strength steel are most often achieved by micro-alloying,
thermomechanical treatment, heat treatment (annealing or normalizing) or combination
thereof. In the micro-alloying small amounts of alloying elements have been added to the
steel to produce granular growth inhibiting and reinforcing agents. (Silvennoinen 2001, p.
68-70.) In table 1 is presented the effect of different alloy elements on the strength, toughness
and weldability.

Table 1. Effect of alloying properties on steel properties (modified Heikkilä & Huhdankoski
1997, p. 25).
Alloy
C
Si
Mn
P
S
Mo
Cr
Ni
Al
Nb
V
2.2

Strength
↑↑
↑
↑
↑↑↑
↑
↑
↑
↑
↑
↑

Hot strength
↑
↑
↑
↑
↑
↑
↑
↑

Toughness
↓↓
↑↓
↑
↓↓↓
↓↓
↓
↓
↑
↑
↑
↑

Weldability
↓↓
↑
↑
↓↓↓
↓↓
↓
↓
↑
↑
↑
↑

Welding processes

Tubular joints are usually welded by using TIG (Tungsten Inert Gas Arc Welding). In this
thesis the joint is investigated when it is welded also by MAG (Metal Active Gas Welding)
and MAG-brazing.
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2.2.1 TIG
TIG welding process is dominant over other welding processes when welding thin material
thicknesses because the welding current can be few amps at its lowest. TIG welding is an
arc welding process where the arc burns between the unmelted electrode and the workpiece.
The heat of the arc melts base material to which the weld pool is formed. In the TIG welding,
the arc burns surrounded by s shield gas. The biggest difference compared to other arc
welding processes, excluding plasma welding, is the non-molten electrode. The unmelted
electrode allows welding to be successful even without the filler wire. (Lepola & Ylikangas
2016, s. 121.) Figure 2 shows the principle of TIG welding process.

Figure 2. TIG welding principle (modified Lepola & Ylikangas 2016, p. 121).

2.2.2 MAG
MAG welding in an arc welding process where filler wire is automatically fed to the welding
point protected by a shield gas. Arc burns between tip of the filler wire and base material
and simultaneously melts both materials. The diameter of the filler wire varies between 0,6
mm and 1,6 mm and composition is similar as the base material. Filler wire can also be
tubular which is filled with metal powder or slag producing materials. Active shielding gas
reacts with the substances in the molten metal. Gas contains either pure carbon dioxide or
also argon. The thickness of the base material is normally over 1 millimeter. (Lepola &
Ylikangas 2016, p. 71-98.) Figure 3 shows the principle of MAG welding process.
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Figure 3. MAG welding principle (modified Lepola & Ylikangas 2016, p. 98).

2.2.3 MAG-brazing
MAG-brazing is arc welding process where copper alloys, various kinds of bronze wires are
used as the filler material. Normal MAG welding equipment is used in the brazing welding
process. The process externally resembles the conventional MAG welding process. The main
difference between these is the character of the filler wire and the melting of the base
material. MAG-brazing do not melt the base material or it melts slightly. Typical material
thickness is 1–3 millimeters. Used filler material is different copper alloys that have lower
melting point compared to the steel. When the filler material melts, it moistens the surfaces
to be joined and penetrates into the gap or bark between the pieces. The brazing speed is
usually multiple compared to the welding. (Lepola & Ylikangas 2016, p. 194.)

2.3

Manufacturing methods of the tubes

Tubes can be manufactured either welded or without welding. Tubes that are made without
welding are seamless. This manufacturing method has two stages. First the round tube blank
is pierced and next it is formed to tubular shape. The hole in the solid, round bar is pierced
as shown in figure 4.
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Figure 4. The piercing process for making seamless tubes (Kalpakjian & Schmid 2014, p.
332).

The bar begins to develop in the center a small cavity when it is continuously subjected to
cyclic compression stresses. The round bar is pulled through the rolls which axes are skewed.
An internal mandrel assists the operation by expanding the hole and sizing the inside
diameter of the tube. The mandrel can be held in place using long rod or it can be a floating
mandrel, which do not need a support. The end result of this tube-piercing process is a thickwalled seamless tube. (Kalpakjian & Schmid 2014, p. 332.)

The diameter and wall thickness of tubes can be reduced by tube-rolling or -drawing. In the
tube-rolling process the thick walled tube is molded by rotating rolls. In the drawing process
the tube is pulled through die. Both processes can be done with or without internal mandrel.
(Kalpakjian & Schmid 2014, p. 332, 380.) These processes are shown in figure 5 and 6.

Figure 5. Schematic illustration of different tube-rolling processes (Kalpakjian & Schmid
2014, p. 332).
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Figure 6. Schematic illustration of different tube-drawing operations (Kalpakjian & Schmid
2014, p. 380).

Longitudinally welded structural hollow sections are welded from steel strip that has been
cut precisely to the required width by the outer dimensions of the tube. At the beginning of
the production line, the steel strip is wound open and the ends of the strips are welded
together. The steel strip is shaped with forming rolls at room temperature stepwise into a
circular hollow section. The edges of the blank are heated with high frequency current by an
induction coil to the welding temperature and compressed together. An external weld flash
is removed from the tube. The seam quality is ensured by continuous swirling or ultrasound
inspection. SSAB also allows peeling the inside weld flash off if separately agreed. In figure
7 is shown manufacturing principle of longitudinally welded hollow sections. (SSAB 2016,
p. 19.) When manufacturing circular hollow sections, the last step in figure 7 where tube get
rectangular shape, do not exist.
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Figure 7. The cold forming manufacturing principle of longitudinally welded structural
hollow sections (SSAB 2016, p. 19).

2.4

Dimensional tolerances of tubes

European standard EN 10305 contains technical delivery conditions for thin walled tubes.
The standard is divided into three parts according to the manufacturing methods of tubes.
The standard has three following parts:
•

1: Seamless cold drawn tubes.

•

2: Welded cold drawn tubes.

•

3: Welded cold sized tubes.

Tubes A, C and D are seamless and manufactured by cold drawing and tube B is welded.
Tubes must be defined on the basis of two dimensions, diameter and wall thickness. In figure
8 and 9 is shown tables, where are specified tolerances of outer- and inner diameters of
seamless cold drawn tubes and welded cold sized tubes. According to EN 10305–3 (2016,
p. 14), the wall thickness tolerance of welded tubes is determined to be following:
a) When the thickness is 1,5 mm or smaller the variation of dimension can be ±0,15mm.
b) When the thickness is more than 1,5 mm the variation can be 10 % of thickness or
±0,35 mm depends on which value is smaller.
If seamless cold drawn tubes are specified by outside- or inside diameter and wall thickness,
tolerance of wall thickness shall have ±10% or ±0,1 mm, whichever is greater.
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Figure 8. Tables for diameter tolerances of seamless cold drawn tubes (modified EN 103051 2016, p. 12-13).

Figure 9. Table for diameter tolerances of welded cold sized tubes (modified EN 10305-1
2016, p. 13).
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From the above figure can be obtained that cold drawn tubes have about 0,05 millimeters
tighter tolerances than welded tubes. According to EN 10305-1 (EN 10305-1 2016, p.17),
for seamless cold drawn tubes the deviation from straightness of any tube length L shall
not exceed following:
a) If the upper yield strength limit ReH is 500 MPa or less, maximum deviation can be
0,15 % of tube length.
b) If ReH is more than 500 MPa, maximum deviation can be 0,2% of tube length.
The deviations from straightness shall be measured in accordance with figure 10.

Figure 10. Measurement of deviation from straightness e (EN 10305-1 2016, p.16).

For welded tubes the maximum deviation from straightness shall not exceed 0,2% of tube
length. (EN 10305-3 2016, p. 14). Overall, cold-drawn tubes have more close-fitting
tolerances than welded tubes. The presentation of tolerances was limited according to the
dimensions and characteristics of the tubes under investigation. The standards include
additional terms based on dimensions and optimum for other tolerances.

Dimensional tolerances of the tube A follow the English standard. According to this English
standard, the mean diameter and extreme thickness tolerance of A tube is determined to be
following:
a) When the diameter is 38 mm or smaller the variation of dimension can be ±0,08 mm.
b) When the diameter is more than 38 mm the variation can be ±0,025 mm for each
12,5 mm of diameter or part thereof.
c) The variation of the wall thickness can be ±10 %
Material A has the tightest tolerances of researched materials.
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2.5

Types of material failure

There are few basic types of material failures: deformation, corrosion, wear and fracture.
Fracture is the case where an object or material is separated into two or more parts by the
stress. Cracking in the components must be avoided entirely so it does not lead to the
complete fracture. Fracture can be divided into two main forms under the static load: ductile
and brittle. (Dowling 2013, p. 20-23.) Stress-strain –curves for brittle and ductile fracture
are shown in figure 11.

Figure 11. Engineering stress-strain –curves of ductile and brittle fracture under static
loading (modified from Dowling 2013, p. 22).
In figure 11, fy is yield strength, fu is ultimate tensile strength and εf is ultimate engineering
strain.

2.5.1 Ductile fracture
Ductility represents the ability of the material to withstand plastic deformation before
rupture. Ductility is a function of temperature of the material, the strain rate and the stress
state. In ductile fracture, extensive plastic deformation with high energy absorption occurs
before the actual fracture. Ductile fracture is stable. It resists any further extension unless
there is not any increase in the applied load. In figure 12 is shown stages of the ductile
fracture from nucleation of voids, vial coalescence of voids to final rupture. (Callister &
Rethwisch 2011, p. 166, 236; Dowling 2013, p. 131.)
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Figure 12. Stages in the ductile fracture (modified Callister & Rethwisch 2011, p. 237).

2.5.2 Brittle fracture
There can be ductile fracture with small or even zero plastic deformation, which failure
mechanism is not brittle. However, brittle failure happens always with only small local or
without any plasticity, which means small deformations. This is normal mode of failure to
materials that are not able to resist plastic deformation. If a crack is presented, brittle fracture
can occur even in ductile steels that are normally capable of large amount plastic
deformation. Brittle fracture is always very dangerous, as it proceeds at very high speed
often through the entire structure. This fracture type bounds less energy than ductile fracture
and is unstable in nature. When the fracture begins, the crack gets its extra energy needed
for growth from elastic energy released from the process. (Callister & Rethwisch 2011, p.
236, 239; Dowling 2013, p. 23; Ikonen & Kantola 1986, p. 42-43; Miekk-Oja 1960, p. 579.)
The high-strength, thick-walled and complicated details with multiaxial tensile stress state
component is more susceptible to brittle fracture than low-strength and thin-walled. Brittle
fracture occurs more likely if the loading is applied very rapidly or temperature is low
because both are preventing the disclocation to occur. The tougher steel will withstand better
at low temperatures. The material properties of the brittle fracture susceptibility are the
transition temperature and the impact strength. (Ruukki 2012, p. 315.) Cold forming causes
to steel strain hardening and reduced toughness, which increases the susceptibility of brittle
fracture (Ruukki 2012, p. 320).
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Brittle fracture can be separated into two types: transangular (cleavage) and interangular
farcture. When talking about brittle fracture, it is most often referred to transangular fracture.
In the transangular fracture, the crack propagation proceeds through grains along certain
lattice levels. In the interangular fracture the crack propagation goes along grain boundaries.
In figure 13 is shown schematic cross section profile for both brittle fracture types. (Callister
& Rethwisch 2011, p. 239-241; Ikonen & Kantola 1986, p. 44.)

Figure 13. Crack propagation in transgranular and inergranular fractures (modified Callister
& Rethwisch 2011, p. 240, 241).

2.6

Welding of the high strength steels and tubular joints

According to Kalpakijan & Schmid (2014, p. 903), weldability involves a large number
variables therefore generalizations are difficult. Weldability depends on the material
characteristics, such as alloying elements, impurities, inclusions, grain structure and
processing history of both the base material and the filler metal. For example, weldability of
steels decreases with increasing carbon content, because of martensite formation. The
preparation of surfaces for welding is important

Weldability of steel is generally evaluated by carbon equivalent value which is calculated
on the basis of the chemical composition. The smaller the carbon equivalent, the better the
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steel is weldable. Carbon equivalent value can be calculated from equation (1) that is in
accordance with the IIW (International Institute of Welding).

𝐶𝐸𝑉 = 𝐶 +

𝑀𝑛 𝐶𝑟 + 𝑀𝑜 + 𝑉 𝑁𝑖 + 𝐶𝑢
+
+
6
5
15

(1)

In equation (1) CEV is carbon equivalent value, C is carbon, Mn is manganese, Cr is chrome,
Mo is molybdenum, V is vanadium, Ni is nickel and Cu is copper. The steel is very weldable
when the value of the carbon equivalent is below 0,41. Values are indicative and does not
tell about weldability alone. (Ovako 2012, p. 8.)

The correct welding sequence is important because welding generates stresses and the
deformations of the joined components. The weld between hollow sections should be
completed all round, even if the total weld length would not be necessary for strength of the
joint. In the joint between two circular hollow sections, stop and start position should not be
located at or near to the saddle or crown positions. (SSAB 2016a, p. 488-490.) Figure 14
illustrates the welding sequence.

Figure 14. Welding sequence (SSAB 2016, p. 490).

The weld of the joint was dimensioned so that it is equally strong with the strength of the
base material. The throat thickness was calculated from equation 2 (SSAB 2016, p.204).

𝑎 ≥2∗

𝛽𝑤 ∗ 𝛾𝑀2 ∗ 𝑓𝑦
√2 ∗ 𝛾𝑀0 ∗ 𝑓𝑢

∗𝑡

(2)

In the equation (2) βw is appropriate correlation factor, γM2 and γM0 are partial safety factors,
fy is yield strength, fu is ultimate tensile strength and t is thickness of the tube. This equation
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guarantees equal strength joints in case the length of the weld and the circuit are equal. Now
the circuit length is greater than the circumference of the branch. It should be noted that
when two tubes of the same diameter are connected to each other, the groove type changes
between the crown- and saddle point. In the crown point, groove is fillet and in the saddle
groove type is comparable to single bevel (or half V). At the saddle point, the maximum
value of the weld throat thickness is determined by the wall thickness of the tube.

2.7

Welding consumables

Filler material should be similar to the base material for high strength and tough material in
order to maintain the high mechanical properties of the base material in the weld. High
strength steels and steels that require better impact strength are usually welded with filler
materials alloyed with nickel, copper, molybdenum and combinations thereof. In the
manganese-alloyed filler metals, the weld is often ductile even at -40 degrees. The final
microstructure of the weld formed by cooling determines the strength properties of the joint
to which the ingredients of the filler contribute. In addition, the hydrogen content must be as
low as possible with the filler metal of the high-strength steels, preferably below 5ml/100g.
(Vähäkainu 2003, p. 31-32.)

When welding high-strength steels, the strength of the filler metal is normally either a
matching or under matching, whereby the yield strength of the filler is equal or lower than
the base material. A lot of advantages are obtained with the use of under-matching filler
metal, such as a lower residual stress state of the welding joint and a lower need for increased
working temperature. In addition, the under-matching filler has typically better deformation
capacity and impact strength than matching filler metal. However, the under-matching filler
may leave the joint strength too low despite the fact that with the alloyed steels, the alloying
of the base material into the non-alloyed low-grade filler increases the strength of the weld
material by up to about 100 MPa compared to the pure filler metal list values. This can be
compensated to a certain amount by increasing the throat thickness, either external
dimension or increasing penetration.
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Tested materials are so similar that the same filler material is suitable for all in TIG and
MIG/MAG welding. The filler material is selected so that it is capable to produce welds that
are equal strength with base materials. The recommended filler material is AWS A5.28
ER80S-D2. There are also other fillers which are better suitable only for a certain material.
Detailed data sheet of used filler materials are in appendix I, 2 and I, 3. Following table 2
includes suitability of some fillers for different materials.

Table 2. Suitability of some filler metals for research materials.
ER70S-2
A
B
D
C

X

ER80S-B2
X
X
X

ER80S-D2
X
X
X
X

ER80S-G

ER110S-G

X

X

Shielding gases for each application were selected according to table in figure 15. Mison 8
is choice for MAG welding due to good suitability for low-alloyed steel with solid wire
electrodes. Composition of Mison 8 is Ar + 8% CO2 + 0,03% NO. Mison Ar is suitable for
TIG welding and MAG brazing. It has composition Ar + 0.03% NO.

Figure 15. Right gas for each application (AGA 2019).
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2.8

Filler materials of brazing

Copper-based filler material are generally used in MAG-brazing. Copper-based filler
materials melt at about 1000 °C when steels requires 1500 °C temperature. Common filler
materials are aluminum–, aluminum-nickel–, silicon– and tin bronze. Filler materials for
brazing can be for example CuAl8, CuSi3, CuSn6 and CuAl8Ni2. (Lukkari 2002, p. 192.)
In principle, the filler material wanted to be used in the brazing of the high strength tubes
has similar strength properties as the base materials have. The strength properties of
CuMn13Al7 –filler wire match the average of base material corresponding values. The yield
strength is 650 MPa and tensile strength is 900 MPa. Detailed data of this filler is presented
is appendix I, 1.

2.9

Welding of ultra-high-strength steels

Low alloy UHSS steels have excellent strength and ductility properties, but benefits of
UHSS steel can be lost by extraordinary heath input in welding. The relatively high heat
input of arc welding leads to lower cooling rate across the weldment and this can causes
significant grain growth and material softening in the heat affected zone (HAZ) and reduce
the strength properties of UHHS steel. The joint is usually weakest at its HAZ. (Kou 2003,
p. 405; Guo et al. 2015, p.534-537; Kalpakijan & Schmid 2014, p. 897.)

According to Kalpakijan & Schmid (2014, p. 896-897), the microstructure of HAZ changes
during welding, because it has been temporarily subjected to elevated temperatures.
Microstructural changes do not occur to the base metal that is far away from the heat source
due to much lower temperature to which they are affected. In figure 16 is shown the
schematic figure of HAZ and its sub-zones, along with temperatures. On the right side of the
picture there are iron-carbon state drawing where can be read the microstructure
corresponding to the temperature.
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Figure 16. HAZ sub-zones, peak temperatures and iron-carbon state picture of the welded
joint (modified Ovako 2012, p. 4).

2.10 Cooling rate
Higher heat input transfers more heat to the material and reduces the cooling rate of the
piece. The cooling rate and the steel hardenability determine the microstructure of the weld,
so the heat input and thus the cooling rate have a significant effect on the microstructure of
the joint. The microstructure and properties of the joint of a given steel grade can only be
influenced by changing the cooling rate, because the hardenability of the steel is already
determined by the chemical composition. Heat input, plate thickness, joint shape, and
working temperature affect to the cooling rate. The cooling time t8/5 is used to describe the
cooling rate, which refers to the cooling time of the steel from 800 ° C to 500 ° C. The most
significant microstructural changes in the joint occur at this temperature range of 800-500
°C. This is where the steel austenite is dispersed into different microstructures. (Lukkari
2002, p. 3; Ovako 2012, p. 5.)

The longest cooling time allowed is determined by the impact strength requirements of the
weld HAZ area (Rissanen 2011, p. 26). Slow cooling of the weld, i.e. the long cooling time,
weakens the mechanical properties, strength and, in particular, impact strength of the joint.
Too quick cooling of the weld causes hardenability, so the hardness increases and the
tendency for hydrogen cracking increases. In this case, the impact strength properties of the
joint are decent. (Lukkari 2002, p. 3; Vähäkainu 2003, p. 23.)
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For non-alloyed and low-alloy steels, the cooling time t8/5 in 2-dimensional thermal
conduction can be calculated by the formula (3) and in the 3-dimensional thermal conduction
the cooling time is given by equation (4) (Ovako 2012, p. 5).

𝑡8/5 = (4300 − 4.3𝑇0 ) ∗ 105 ∗

2
2
𝑄2
1
1
∗
[(
)
−
(
)
] ∗ 𝐹2
500 − 𝑇0
800 − 𝑇0
𝑑𝑡2

1
1
𝑡8/5 = (6700 − 5𝑇0 ) ∗ 𝑄 ∗ (
−
) ∗ 𝐹3
500 − 𝑇0 800 − 𝑇0
where

T0 = work temperature

[°C]

Q = heath input

[kj/mm]

dt = material thickness

[mm]

(3)

(4)

F2 and F3 = joint shape factor

Usually the recommended cooling times are 5-30s, but the more accurate value depends on
the type of steel. For very high-strength steels, the cooling times can be much lower, for
example 5 to 10 seconds. Especially in the case of sc. direct quenched steels recall very high
cooling rates (short t8/5-times), so careful control of heat input is required. (Lukkari 2002, p.
4.)

2.11 Stresses at welded joint
Welded joints cause a significant changes to the stresses in the structure. The total stress at
the joint can be defined as the resultant of different stresses in the tubular joints. The local
stress concentration can be divided into two parts: structural stress (including membrane
stress σm bending stress σb) and nonlinear peak stress σnlp. Bending stress is linearly
distributed through the material thickness and membrane stress is constant through the
material thickness. The structural stress arises in order to maintain compatibility between the
tubes under loading, which depends on geometric parameters of the joint and external
loading types. The nonlinear peak stress is caused by the notch of the weld toe. The stress is
very high and local. Stress is decreasing rapidly when moving away from weld in thickness
direction or along surface. The stress components of the total stress are shown in figure 16.
(Liu et. al. 2016, p. 218; Niemi 2003, p. 12-13.)
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Figure 17. Stress components of the total stress (left) and their distribution in the T-joint
(right) (Ruukki 2010, p. 429).

The separation of the stress components and the interpretation of the stress distribution over
the thickness of the plate can be done with the integration formulas presented by the IIW
documents. The stress distribution is determined by using finite element method. The
advantage of the integration method is the accurate determination of all three components,
as it is not possible to find out the nonlinear peak stress by extrapolation. The membrane
stress σm can be determined from equation (5) (Hobbacher 2013, p. 15).

𝜎𝑚 =

1 𝑥=𝑡
∫ 𝜎(𝑥) ∙ 𝑑𝑥
𝑡 𝑥=0

(5)

In the equation (5) σ(x) is stress distribution over the thickness and t is material thickness.
The linearly distributed bending stress σb, which is caused by the welded structure that stiffen
the whole structure, can be calculated from equation 4 (Hobbacher 2013, p.15).

𝜎𝑏 =

6 𝑥=𝑡
𝑡
∫ (𝜎(𝑥) − 𝜎𝑚 ) ∙ ( − 𝑥) ∙ 𝑑𝑥
2
𝑡 𝑥=0
2

(6)

In the equation (6) σm is the membrane stress in equation (5) and x is variable over the
thickness. Structural total stress σhs is sum of the membrane and bending stresse as shown in
the equation (7).
𝜎ℎ𝑠 = 𝜎𝑚 + 𝜎𝑏

(7)
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The remaining part of total distripution is nonlinear peak stress σnlp caused by the local notch.
It can be calculated from equation (8) (Hobbacher 2013, p. 15).

𝜎𝑛𝑙𝑝 (𝑥) = 𝜎(𝑥) − 𝜎𝑚 − (1 −

2𝑥
) ∙ 𝜎𝑏 ∙ 𝑑𝑥
𝑡

(8)

Even if the peak stress is not included with the structural stress, it is important to identify it.
Peak stress do not have significant importance with static strength, but it has more effect in
fatigue stregnth. (Hobbacher 2013, p.14.)

2.12 Cold forming
Cold forming is a manufacturing process in which the shape of the metallic part is modified
at room temperature using dies. Steel is forced over the yield (elastic) limit and it will retain
the shape when removed from the die. The steel is not forced over its tensile strength,
otherwise the fracture would occur. When the metal is formed in the room temperature, the
number of dislocations increases significantly. Cold forming causes strain hardening and
decreases the ductility. Increased yield- and tensile strength and reduced ductility due to cold
forming increase the brittle fracture susceptibility of steel. (Dowling 2013, p. 68-69; Koivisto
2008, p. 68-69; SSAB 2016, p. 324.) In figure 18 is shown mechanical properties behavior
of high strength steel in cold forming.

Figure 18. Behavior of high strength steels in cold forming (modified Koivisto et al. 2008
p.68).
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European standard EN 1090-2 (EN 1090-2 2018, p.43) sets following requirements for tube
bending:
1) the ratio of the external diameter of the hollow section to the wall thickness shall be
d/t ≥ 15
2) the bend radius at the center line of the hollow section shall not be less than the value
of max [1,5d ; d+100 mm] where d is the external diameter of the hollow section
3) the longitudinal seam weld in the cross-section shall be positioned close to the neutral
axis, in order to reduce the bending stresses at the weld.

2.13 Previous researches and other useful information
CIDECT (Comité International pour le Développement et l’Étude de la Construction
Tubulaire) is an international association of leading manufacturers of structural hollow
section and pipes which aims to gather information on the structural hollow sections and
their use in different structures. The principles of operation include communication and
sharing of information between users of structural hollow sections. Cidect offers an
extensive range of technical assistance, design examples and information for economic
construction using hollow sections. In addition, Cidect is involved in upgrading standards
for

structural

hollow

sections.

Cidect

also

publishes

a

lot

of

researches.

(https://www.cidect.org/)
Steel manufacturer SSAB published in year 2016 Structural Hollow Section –handbook,
which is based on up-to-date standards and design codes, being valid at the time of
publishing. The handbook is primarily scoped for building constructions, but can also be
used for machine construction, where applicable. From this book to appendix II is added
design guides for different types of tubular joints.
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3

LABORATORY TESTS

Laboratory tests included quasi-static and impact tests for each material and welding process
combination. Tests were performed at the room temperature, but the final solution was also
subjected to a confirmatory test at -40 degrees. The tested specimens consisted chord and
brace members which were joined by fillet weld (FW). The chord member was bent so that
the ratio of the bend radius to the pipe diameter is constant. The strength of the weld was
made equal to strength of the base material. The size of the fillet weld was dimensioned to
match strength properties of the tubular joint. ARAMIS system was utilized in the tests to
define strain history during testing. Concrete results were force-displacement graphs.

3.1

Test specimen

Tests were performed with T-joint and X-joint. The geometry of all test specimens in specific
joint type was same to obtain comparable results. The outer diameter of the tube was chosen
to be 40 mm and wall-thickness 1,5 millimeters. The bend radius of the chord’s center line
was set 3 times the diameter (= 120 mm). Test benches set their own requirements to the
geometry. Same geometry was wanted to use in all of the tests. The mounting substrate of
the impact test bench is smaller than what it is in the tensile test bench. It set the geometry
to a maximum of 500 millimeters. The main height requirement was based on the length of
the brace member. The length was chosen as sufficient so the heat generated by the welding
of the T-bracket does not affect the strength of the actual joint being studied. In figure 19 is
shown schematic drawings of the test specimens. Manufacturing drawings are seen in the
appendix III. The following table 3 summarizes the dimensions of the test pieces.

Table 3. Dimensions of the test specimens.
D
[mm]

d
[mm]

T
[mm]

t
[mm]

L
[mm]

L1
[mm]

L2
[mm]

Lb
[mm]

R
[mm]

θ
[°]

θb
[°]

40

40

1.5

1.5

150

230

230

466

120

90

120
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Figure 19. Schematic drawings of T- and X-joint test specimen.

3.1.1 Preliminary welding quality control
It is also reasonable to compare the obtained results with the strength got from analytical
calculations by utilizing bending stress. The bending stress in the tube can be calculated
using following equation (11) (Pennala 1993, p. 52-53; SSAB 2016, p. 80).

𝜎𝑏 =

𝑀
𝑊

(11)

In equation (11) σb is bending stress, M is moment and W is section modulus of the crosssection. The section modulus of the cross-section for straight tubes is 1.7 * 103 mm3, which
value can be used here also for bend tube, because the curve-beam-effect has only minor
impact on resistance. In table 4 is shown the strengths of the research T-joint according to
equation (11) and pure tube under axial load. Values are based on the mechanical properties.
In the calculations of T-joint, the distance of force in x-direction was 250 millimeters.
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Table 4. Calculated yield and ultimate limit forces for each material.
Material

T-joint

Pure Tube

Yield [kN]

Ultimate [kN]

Yield [kN]

Ultimate [kN]

A

16.70

9.43 - 12.12

112

127 - 163

B

min 9.29

min 10.77

min 125

min 145

C

9.29

11.60

125

156

-1

min 7.41

min 9.43

100

min 127

-2

min 10.64

13.2 - 15.89

min 127

178 - 214

-3

min 12.52

14.54 - 16.83

min 169

196 - 227

D

Using equation (2), the throat thickness of the joint is about 2 millimeters. In reality the
geometry of the joint do not allow to make uniform through thickness for every location of
the weld. The forces generated in the impact test and the drop height of the mass were
outlined by equation (12).

𝐹𝑖𝑚𝑝𝑎𝑐𝑡 =

𝑚𝑔ℎ
∆𝑡

(12)

In equation (12) m is mass of the weight, g is the acceleration due to gravity, h is height
where the weight is dropped and Δt is duration of impact.

3.1.2 Tube dimensions and welding
In addition to the tests, external dimensions and mass from some of the specimens were
measured. The joints made by different welders were also compared visually. Following
table 5 includes dimensions for X-joints that are welded by workshop welders. Thickness
and diameter values are average of four locations. Thickness dimensions are slightly higher
than actual values as they are measured with a caliper.
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Table 5. Measured dimensions for X-joints welded in the workshop.
Id.

T1

T2

T3

Member

A

B

C

D

Brace A

1.57 x 40.09

1.63 x 39.99

1.62 x 39.98

1.58 x 39.94

Brace B

1.58 x 40.11

1.64 x 40.02

1.61 x 40.00

1.59 x 39.96

Chord

1.57 x 40.12

1.64 x 40.00

1.60 x 40.00

1.57 x 39.92

Mass

899g

906g

894g

873g

Brace A

1.62 x 40.10

1.63 x 40.02

1.62 x 40.00

1.57 x 39.92

Brace B

1.64 x 40.13

1.63 x 40.00

1.61 x 40.03

1.60 x 39.91

Chord

1.61 x 40.10

1.64 x 39.99

1.60 x 40.00

1.56 x 39.90

Mass

900g

907g

894g

874g

Brace A

1.61 x 40.11

1.63 x 40.01

1.61 x 40.06

1.58 x 39.93

Brace B

1.59 x 40.10

1.62 x 40.03

1.59 x 40.02

1.60 x 39.92

Chord

1.63 x 40.10

1.64 x 40.00

1.62 x 39.97

1.59 x 39.84

Mass

900g

906g

894g

874g

The dimensions and mass of each material are almost the same. One notable point that does
not appear in table 5 is that B had significantly more oval compared to other materials. The
diameter of the tube may have been up to 0.2 mm depending on the direction of
measurement. Nevertheless, the average diameter of B has the smallest scatter in material
options. In figure 20 is shown X-joints welded in laboratory and workshop and in figure 21
is shown MAG-welded and –brazed T-joints.

Figure 20. TIG welded X-joint made in laboratory staff (left) and workshop (right).
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Figure 21. MAG-welded and –brazed T-joints.

From figure 20 can be observed that weld seam is significantly different depending is it
welded with or without a pulse. More filler material have also been used for the joint welded
in the laboratory, consequently the weld throat thickness can also be larger. The effective
throat thickness is not necessarily larger since the penetration may be different. However, in
the welded joint of the workshop, the HAZ is not as wide as in the joint welded in the
laboratory. Figure 21 shows that the weld seam is externally better-looking in the MAGweld because the MAG-brazing process is more difficult to perform. HAZ is slightly smaller
in the brazed joint than in the welded. Following table 6 includes main welding parameters
of each processes that were used in the laboratory.

Table 6. Main welding parameter used in the laboratory.
Process
TIG
MAG
MAGbrazing

Current
(A)

Voltage
(V)

72
180-190

12
19.6

Travel
speed
(mm/s)
2-3
6-7

60

17.3

8

Wire feed
(m/min)

Arc energy
(kJ/mm)

8.6

0.21
0.45

Filler wire
diameter
(mm)
1.6
0.8

2.25

0.11

1.2

In figures 22 and 23 are shown the cross sections of the TIG weld and in figures 35 and 36
the cross section of the MAG braze. The cross sections are taken from material A crown and
saddle points. The throat thicknesses are also measured from both locations. Figures 24 and
24 show how the brazing does not hardly melt the basic material. From figure 22 can be seen
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that the cross section of the weld might have smaller thickness than the base material. This
may be due to insufficient use of filler material which leads to smaller throat thickness.
In figure 22 and 23 white lines represents fusion lines on the weld.

Figure 22. Cross section of the TIG weld and weld throat dimensions in crown point.

Figure 23. Cross section of the TIG weld in saddle point.
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Figure 24. Cross section of the MAG braze and its throat thickness in crown point.

Figure 25. Cross section of the MAG braze in saddle point.
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3.2

Design of the test platforms

In this research two different test platforms were needed. For tensile test and impact test
were designed own construction due to different test benches. The test platforms were
designed as simple as possible to save time during manufacturing and tests. The test
platforms also required strength calculations to make sure that they won’t break down before
the actual test specimen. The used design force was 20 kN, which was set well over the
assumed fracture force of the joint. The design force was determined by FE-analysis. This
was also confirmed by the research commissioned by SSAB. X-joint did not needed any
special systems for the tests because the joint type is very commonly studied and there is a
simple attachment method ready for it.

In the tensile test the pulling force is directed upwards. The test specimen is attached to the
T-slot table using structural test platform. The purpose of the test platform is to act as an
adapter between the test piece and the T-slot table. In the figure 26 is shown illustrating
picture of the test platform for tensile tests. Pins and bolts are not installed to the assembly.

Figure 26. Solidworks model of the tensile test platform.
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The tube attachment to the test platform was implemented using ferrules which are inserted
into the tube. Ferrules have simple joint that allows rotation around one axel. Ferrules are
attached to the two triangular brackets with a bolt. Triangular brackets are clamped to the
base beam using bolts. In figure 27 is shown detail from the test platform. One of the
triangular brackets is hidden so that the slot hole can be seen better. The slot hole is made
for adjustment due to the possible geometric differences of the test pieces.

Figure 27. Detail from the test platform (hidden bracket).

T-brackets were used as adapters when the tubes were gripped by the jaw of the pulling
cylinder. The T-bracket was designed so that it contains a jig itself. The jig was needed to
weld the tube to the right place and straight. It was also important to weld the plates
perpendicular to each other and to the right place. The T-bracket and its jig are shown in the
figure 28.
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Figure 28. T-bracket and its jig.

Triangular brackets and T-brackets were made from 8 millimeter thick S1100 steel plate.
Strength properties of this material was slightly over than what components needed. Angle
bar of the base profile was from material S355. Bolts that were used in the test platform had
strength class minimum 8.8.

Compared to the tensile test, in the impact test the T-joint had to be turned upside down.
Striking weight is dropped from above, but force must be applied to the T-joint in the same
way as in the tensile test. The force can be applied to the end of the brace when a suspenderlike structure is placed around the T-joint. This structure is designed to be interchangeable
and does need to be manufactured only a single piece. In the figure 29 is shown model of
the impact test platform with disconnected suspender structure.
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Figure 29. Solidworks model of the impact test platform. Suspender structure is separated
for better demonstration.

3.3

The test rigs

Tests were performed using two different test rigs. In tensile tests, ultimate loads were
relatively low so the smallest rig had enough force capacity to break the joints. The
maximum force that used rig could generate is 150 kN. Test rig itself includes the ability to
measure the displacement and force. In the displacement measurement must take into
account that the result also includes displacements from rig clearances. Test specimens were
tensile loaded by using displacement control. Pull velocity in tensile tests was for X-joints
0.01 mm/s and for T-joints 0.1 mm/s. The rig shown in figure 30 was used in the tensile
tests.
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Figure 30. Test rig for the tensile tests and ARAMIS measuring system.

The test rig used in the impact test based on the mass to be dropped. The rig is also called
drop hammer. The dropped mass weights 45 kg and is possible to drop from height of 4
meters. Used drop height in the tests was 1 meter. Accelerator- and force sensors as well as
high speed camera were used as measurement system in the impact tests. The drop hammer
is shown in figure 31.
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Figure 31. Test rig for the impact tests.

3.4

ARAMIS

ARAMIS measuring system is based on optical 3D digital image correlation (DIC)
measurement using two cameras. DIC is non-contact and material-independent system
which can be done in two- and three-dimensional-planes. Cameras follow the measuring
points on the surface of the specimen to be measured by taking photos and following their
movements. Based on the movements of the measuring points, the software can calculate the
shape, deformations, displacements and strains occurring in the test piece. (Hohmann et al.
2012, p. 1-3; Mitrovic et al. 2011, p. 55-60.)
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3.5

Tests performing

The functionality of the test platform was checked by pre-tests before the actual tests. The
pre-tests included one tensile test using the researched tube joint geometry. After the pretests, it was possible to make changes to the test platform or the geometry of the tubular
joint. Laboratory test included two different test types: quasi–static and impact test. The
tensile test was performed for all material and welding process combinations. Based on
tensile test results, the material and welding process combinations were selected for the
impact test. If tensile test results showed that capacity of some combination is significantly
weaker than others, no further studies were carried out on them. In following table 7 is
summarized the number of test specimen made and tests performed.

Table 7. Summary of tests.
A

B

C

D

Test
summary

Workshop X-joints:
-3 tensile tests

Workshop X-joints:
-3 tensile tests

Workshop X-joints:
-3 tensile tests

Workshop X-joints:
-3 tensile tests

Laboratory X-joint:
-1 tensile test

Laboratory X-joint:
-1 tensile test

Laboratory X-joint:
-1 tensile test

Laboratory X-joint:
-1 tensile test

Workshop T-joints:
-1 tensile test
-1 impact test

Workshop T-joints:
-1 tensile test
-1 impact test

Workshop T-joints:
-1 tensile test
-1 impact test

Workshop T-joints:
-1 tensile test
-1 impact test

MAG

Laboratory T-joint:
-1 tensile test
-1 impact test

Laboratory T-joint:
-1 tensile test

Laboratory T-joint:
-1 tensile test

Laboratory T-joint:
-1 tensile test

5

MAG-brazing

Laboratory T-joint:
-1 tensile test

Laboratory T-joint:
-1 tensile test

Laboratory T-joint:
-1 tensile test

Laboratory T-joint:
-1 tensile test

4

TIG

Test summary

9

8

8

8

24

33
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4

FINITE ELEMENT ANALYSIS

Stresses and behavior of the joint can be determined by utilizing finite element analysis
(FEA). This is a numerical method for solving structural problems of engineering. Finite
element method is based on modeling the structure using elements that are connected to each
other with points called nodes. There are several types of elements, the use of which depends
on the structure being modeled analysis type and the information wanted from analysis.
(Ellobody, Feng & Young 2014, p. 16.)

Three dimensional solid elements are used usually in complicated structures for example in
cases where the thickness of geometry changes. The main solid element types are hexahedral
and tetrahedral elements. Hexahedral elements are more efficient, and they have better
convergence rate than tetrahedral elements. Hexahedral elements should be used in stress
analysis because tetrahedral elements are overly stiff. However, the mesh quality must be
more accurate because hexahedral elements are more accurate when their shape is
approximately rectangular. (Ellobody, Feng & Young 2014, p. 19, 37–38.) The advantage
of the tetrahedral elements is to adapt complex shapes. The mathematical formulation of
tetrahedral elements has been invested and today many programs are able to calculate them
almost as accurately as hexahedral elements. Calculation accuracy can be increased by using
parabolic elements. The computational accuracy of the parabolic elements is based on the
nodal point to be added to the sides of the linear element. (B. J, Mac Donald 2008, p. 137138.)

Mesh density can be adjusted according to the stress concentrations of the model. Coarser
meshes are used in the areas which are not critical or where only for example nominal stress
obtains. Mesh density is increased near the areas where the stress concentration occurs to
improve the analysis of this point. In tubular T-joint the brace-chord intersection is critical
and smaller mesh size is to be used in this section. Mesh density variations are used to reduce
the computation time of the analysis. (Ellobody, Feng & Young 2014, p. 43.)
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Finite element analysis can be either linear or nonlinear. Linear analysis is often faster and
easier to perform than nonlinear. However, nonlinear analysis gives more accurate results in
demanding analyzes than linear analysis. Linear calculation is suitable for analyzing the
stiffness and transitions of the structure’s operating limit state as well as for determining the
overall stress conditions. Linear calculation is not suitable for analyzing the ultimate limit
state, because the behavior of the structure in the ultimate limit state is always nonlinear.
(Cook 1995, p. 275–276, 283; Ellobody, Feng & Young 2014, p. 56–57.)

The linear FEA calculation involves several simplifications, which is why results are
interpreted with caution. In the linear analysis it must be assumed that the material behaves
linearly and elastically. Structural deformations and displacements are assumed to be small
in relation to the size of the structure. Also, the boundary conditions must be independent of
the load. Nonlinearity arises when the yield strength of the material is exceeded and its
stiffness changes. The relationship between stress and deformation can become nonlinear.
Also, large displacements or deformations in the geometry of the body as well as contacts
that cause the boundary conditions to depend on loads cause nonlinearity in FEA model.
(Cook 1995, p. 275–276, 283; Ellobody, Feng & Young 2014, p. 56–57.)

4.1

Finite element model

The load case, boundary conditions and geometry gave the maid to utilize symmetry in the
model. The model was sliced into one quarter of entire model. Boundary conditions were
defined to correspond to the actual situation with undivided model. The load for the entire
structure must also be divided into one quarter due to symmetry. In the figure 32 is shown
the analyzed model without mesh, load and boundary conditions. The 3d model was made
using SolidWorks 2017 software using ideal dimensions. The model does not take into
account the possible geometrical errors in the construction of the structure, such as the
change in the cross-section caused by the bending or the positioning errors made by welders.
The NX Nastran guides found on the Siemens web site were used to assist in modeling, if
necessary.
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Figure 32. One eight model of the x-joint and one fourth model of the t-joint. Models are
not in the right proportions to each other.

The weld of the joint was modelled in a simplified manner due to the complex geometry. In
the figure 33 is shown the cross section of the joint in the crown and saddle points. The throat
thickness in the crown point is 3 millimeters. The modelled weld depicts a full penetrated
weld which means that it has completely consumed the root of the joint. The spiked shape
on the outer surface of the saddle point creates a few badly shaped elements in the area if
not using extremely small element size.
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crown

saddle

Figure 33. Cross sections of the joint in the crown and saddle point.

In this research the joint area of tubular T-joint is so complex that tetrahedral elements must
be used to achieve the best possible mesh quality. Plate elements are suitable for thin walled
structures. Totally two different element types were used in the model. Element types were
following:
•

Six-sided solid (brick) element with 8 grid points (CHEXA8).

•

Six-sided solid (brick) element with 20 grid points (CHEXA20).

•

Four-sided solid (tetrahedral) element with 10 grid points (CTETRA10).

The joint area was meshed with CTETRA10 elements due to complicated geometry. Element
size was determined to be 0,75 millimeters to obtain at least two elements over the thickness.
Critical zones were meshed using smaller element size. CHEXA20 elements were used in
the tubes. Element size was determined by pyramid elements. Element size and –type were
required to be same to connect all common nodes between brick- and pyramid elements.
The objective was also to get as close as possible to the aspect ratio of value one. The ferrule
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of the test platform was meshed with CHEXA8 elements. In the figure 34 is shown details
of meshed t-joint and also constraints and loading case. X-joint is implemented in the same
way except for rigid element that it does not have.

Figure 34. Mesh, boundary conditions and external loading of FEA model.

In figure 34, numbers 1 to 3 represent boundary conditions that constraint translational and
numbers 4 to 6 rotational degrees of freedom (DOF) along X-, Y- and Z-axis. Boundary
condition of the pin joint is modelled using spider elements to get pivotal point in the middle
of the bracket’s hole. On the end of the brace tube, only the translation along Y-axis is
allowed due to tube attachment to hydraulic cylinder. If forced displacement is used, FEMAP
also requires that the translation direction of displacement is constrained. Symmetry
boundary conditions are determined so that the one quarter model behaves like a whole
model. On the edges parallel to the XY-plane, translation along Z-axis and rotations around
X- and Y-axis are constrained. On the edges parallel to the YZ-axis, translation along X-axis
and rotations around Y- and Z-axis are constrained. Because the x-joint was 1/8 part model,
the boundary condition had to be placed also on the XZ-plane. On that plane, translation
along Y-axis and rotations around X- and Z-axis are constrained.

In figure, 34 arrows represent external loading that hydraulic cylinder causes. The loading
of the specimen was modelled as force displacement of the tube and along Y-axis. The
displacement was set as linear ramp function, which increases from zero to selected value
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during analysis time. Selected value was chosen for each analysis separately to obtain
wanted accuracy of the analysis. These values are specified later in this report. Element
rupture was allowed thus the analysis continues until the model becomes unstable and a
fracture occurs.

In left part of figure 34 is modelled rigid element which was used to simplify the boundary
conditions caused by the ferrule. This operation reduced the calculation time tremendously.
On the node middle of the rigid element, translation along Z-axis and rotation around X-axis
are allowable. Setting the boundary condition in this way reduces the overall displacement
of the structure but gives a true representation of ultimate tensile strength.

Material models were created from technical data sheets of examined tubes. Available
material values were yield strength, ultimate strength and elongation. These values are
nominal values and do not take into account the true cross section of the specimen which is
considered in true stress values. In order to model ultimate capacity more accurately, true
stress values should be used in FEA. Mainly after necking has begun, the difference between
engineering and true values is remarkable. Nominal stresses and strains are converted to true
values using following equations (9) and (10) (Dowling 2013, p. 144). These equations can
be utilized only before necking has begun.
𝜎𝑡𝑟𝑢𝑒 = 𝜎(1 + 𝜀)

(9)

𝜀𝑡𝑟𝑢𝑒 = ln(1 + 𝜀)

(10)

In equations (9) and (10) σtrue is true stress, εtrue is true strain, σ is stress and ε is strain. In the
strain value ε was used the elongation value, because the uniform elongation was not
available. In figure 35 is presented the differences between engineering and true stress-strain
curves. Material models used in FEA are shown in appendix IV thus the true stress stain
behaviour does not describe the real behaviour of the current materials. The necking is
missing and thus the model is on the safe side in terms of deformation capacity. Materials
used modulus of elasticity E = 210 GPa and Poisson ratio 0,3.
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Figure 35. Schematic engineering and true stress-strain curves from a tension test (modified
Dowling 2013, p. 143).

The weld of the joint was not modeled with its own material, due to the complex geometry
it would have been difficult to separate the weld into its own solid. Entrainment between
filler material and weld is also strong in smaller welds, so the filler material values are not
directly applicable to the material model of the weld. Therefore, the weld is the same material
as the base material so strength properties of the weld match with the base material. The FEmodel does not consider the changes in the material properties of the cold-formed area,
which is created in the bending.

A linear contact was placed between the ferrule and the tube. The friction coefficient was
set to 0,1. Same value was used on static- and kinetic friction. Penetration was prevented,
and the offset type was selected to be half shell thickness which mean that thickness of the
tube plate elements was taken into account. To help converge, compliance factor value 0,02
was used which makes the contact softer between ferrule and tube. Used value is higher than
normally allowed in this parameter, but it was required to run nonlinear analysis. The ferrule
was used only in a model that examined the length of the ferrule to be sufficient for
transitions causing from the tensile test.
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In the FE analysis, the most accurate stress values are formed by element integration points,
from which they are extrapolated to nodes. Although reading stresses from these points
would be the most advantageous in terms of results, for practical reasons, stresses are read
from the nodes of the elements. When the stresses are read from the nodes, the desired stress
reading points can be determined accurately when modeling the element mesh.

According to Bull (1988, p. 82-83), the element is formulated well when the Jacobian is
positive and close to zero and the aspect ratio in close to one. Nx Nastran allows all Jacobian
values that are over zero and aspect ratios lower a hundred. Table 8 shows mesh quality
values. The data is only from tetrahedral elements because hexahedral elements are nearly
perfect shaped.

Table 8. FEA model element quality data.
Joint type

Number of
elements

Aspect ratio

Jacobian

Max

Min

Avg

Max

Min

Avg

X

81010

7.32

1.02

1.63

0.72

9.56E-05

0.14

T

99270

6.42

1.06

1.62

0.61

1.83E-03

0.14

From table 8 can be seen that overall mesh quality in the FEA model is sufficient. The model
contains few lower quality elements, but they are located in areas that are not subjected to
high stress concentrations. These elements were also not used as measuring points at further
stages of the study because excessive distortions might cause very bad stress estimates (Bull
1988, p.83). Some analyzes were carried out with different meshes, but there were no
significant differences between the results.
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5

RESULTS AND ANALYSIS OF LABORATORY TEST AND FEA

In this chapter are presented the results of laboratory tests and FE-analysis. Due to the large
number of results, their analysis is also linked to this chapter. The connection between results
and analysis is easier to understand when different graphs and tables are presented in the
same context.

5.1

Laboratory test results

Concrete results from experimental tests were force-displacement curves. In figure 36 is
shown schematic picture of tensile test results and marked where main values are defined.
Meanings of test specimen names are represented in the appendix VIII.

Figure 36. Schematic picture of tensile test results and meaning on main values.

5.1.1 Tensile test results of X-joints
Following figure 37 contains force-displacement –curves of X-joints that were welded in the
workshop. Values were obtained from the rig displacement sensor and also includes
displacements of the rig, which consists clearance. Table 9 includes joint capacity values
and location of the failure. Failure modes are represented in section 5.1.4. Test results are
presented individually in the appendix V, 1-16.

Force
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Total displacement of the specimen
X_A_1

X_A_2

X_A_3

X_B_1

X_B_2

X_B_3

X_C_1

X_C_2

X_C_3

X_D_1

X_D_2

X_D_3

Figure 37. Tensile X-joint tests of all test pieces welded by workshop.
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Table 9. Tensile test results of X-joints.

Laboratory tests indicates that A and B behave very similarly. Although the C tube has a
higher ultimate strength than A and B have, the maximum load carrying capacity of joints
made of with C is considerably lower. D is the most brittle but also has the highest load
carrying capacity. The results also showed that D has the greatest mutual differences. From
the results can also be seen the effect of the welding method on the strength of the joint. All
M1 specimens are welded without a pulse and have smaller maximum forces and
displacement capacities than specimens that are welded with pulse. Dimensional differences
presented in table 7 is not considerable in the results. Load carrying capacity and deformation
differences compared to the M1 specimen values are presented in table 10.
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Table 10. Main value differences compared to the M1 specimen values.

In figure 38 is shown major strain contours from DIC images before fracture. The test pieces
that had best DIC images were selected in the image. However, the strain behavior was the
same for a particular material.

60

Figure 38. Major strain contours of X-joints before failure defined my means of ARAMIS.

In DIC figures color scale represents the amount of plastic strain. Red areas have strain value
over 10 percent. From figure 38 can be obtained that in A and B, and partly also in C, plastic
deformation focusses on HAZ, not in weld, such as D. Since the deformation capability of
the weld is more limited because the deformation is only in a narrow area, the result is that
D would be less capable of deformation. It would require a larger weld to become
competitive. D was the only one where the damage was caused in the base material instead
of next to the weld.
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5.1.2 Tensile test results of T-joints
Following table 11 includes joint capacity values and location of the failure. Failure modes
are represented in section 5.1.4. Figure 39 contains force-displacement –curves of T-joints.
When looking at the results, it is good to remember that each combination has been tested
only once. Test results are presented individually in the appendix VI, 1-12.

Table 11. Laboratory test results of T-joints.
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TIG welded

Force

A
B
C
D

Total displacement of the specimen

MAG welded

Force

A
B
C
D

Total displacement of the specimen

MAG brazed

Force

A
B
C
D

Total displacement of the specimen
Figure 39. Force displacement curves of T-joints.
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Laboratory tests indicate that the welding process does not affect majorly the maximum force
of the joint. The only exception is D, which maximum force dropped by over a quarter
compared to other welding processes. The reason for this may be the brittleness of the
material and half smaller elongation of the brazing filler material. The welding process
affected most to the displacement capacity at fracture. The results between TIG- and MAGprocesses varied from material to material, but each joint received the lowest value in MAGbrazing. When comparing materials with each other, we find that the results differ slightly
from the results from the X-joints. A and C behave very similarly as a T-joint. Compared to
these, B achieves slightly higher forces but have lower deformation capacity when joint is
MAG-welded and –brazed. Following figure 40 shows major strain contours of TIG-welded
T-joints before fracture.

Figure 40. Major strain contours of T-joints before failure defined my means of ARAMIS.

From figure 40 can be obtained that in the D, the ovalization of the tube develops further,
and therefore in the surface becomes a plastic region from the bending stress, the membrane
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stress goes in the same way as in other joints, but the stronger material allows for greater
ovalization and the development of this mechanism.

5.1.3 Impact test results
In the impact tests strain gauges were used to measure nominal strains in the brace tube. In
total of two gauges were mounted at a distance of diameter above the both crown points.
Nominal strain was calculated as the average value from the strain gauges. In following
figure 41 is shown the mounted strain gauge.

Figure 41. Strain gauge locations.

Impact tests proved that all materials behaves ductile even under rapid load. The drop height
was 1.2 meters and the mass of the hammer 45kg. Table 12 includes main values obtained
from tests. More detailed results of impact tests are presented in the appendix VII, 1-4.
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Table 12. Impact test results.

The results of the impact tests place the materials in the same order as the tensile tests on the
basis of behavior. D has the smallest deformation but the force caused by the impact is
greatest compared to the strength of the joint given by the tensile test. Results of A and B
are almost the same. Impact created slightly smaller force to the C but deformation was same
as A had. Following figure 42 includes average strain gauge values obtained from impact
tests.

T_A_P1
T_B_P1
T_C_P1

Strain

T_D_P1

Time
Figure 42. Average strain gauge values of the impact tests.
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From figure 42 can be seen that curve of D rises almost double than other curves. Materials
A, B and C have just slight differences in behavior. Joints correspond to the actual behavior.
High frequency vibration occurs in the test arrangement which was reflected in the strain
gauge data. It could be reduced by developing better contact. Fracture did not occur in any
of the test specimens.

5.1.4 Failure modes
Three main failure modes were observed for the X- and T-joints in the tensile tests. These
were failure in chord base material, failure next to weld and failure in weld. Examples of
these failure modes are given in figures 43-45. Following abbreviations have been chosen
for the locations of failure.
B = brace
C = chord
W = weld
/ HAZ
nxtW = next to weld
sl = saddle
cr = crown

Figure 43. Failure in chord base material in T- and X-joints (left C/HAZ, cr, right C/HAZ,
sl)
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Figure 44. Failure next to weld in T- and X-joints. (left C, nxtW, cr, right B, nxtW, sl)

Figure 45. Failure in weld. (left W, cr, right W, sl)
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5.2

FEA results

In addition to experimental tests finite element analysis was used to investigate behavior of
the joint. Stress concentrations, –distributions, ultimate load capacities and weld behavior
was researched by using FE method. These results help to understand why the specimens
were broken in the way they showed.
5.2.1 Stress concentrations and –distributions
Stresses were examined through thickness at four different locations shown in figure 46. The
measured points have 10 parabolic elements over the thickness which means that there are
21 nodes. Distance between each node on the measuring line is 0.075 millimeters.

Figure 46. Meshed model of the weld. Red lines represent the points from which the stresses
have been defined.

In figure 30, the letter pairs are the location of the critical point. BC is brace crown, CC is
chord crown, BS is brace saddle and CS is chord saddle.
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Stress concentration changes at critical points of the joint by to the length of the chord. When
the length of the chord is shortened, the bending stress decreases and bigger part of force
passes more and more through the saddle point. The crown point of the joint carries more of
the load by bending and the saddle by membrane. In table 13 is shown the relationship
between the length of the chord and the stresses. Because the nominal stress in the brace
was chosen to be 1 MPa, the values in the table are actual stress values and also stress
concentration factors. Stresses were defined in the locations which were presented in figure
45. Stress values were calculated using equations (5), (6) and (7). When defining structural
stresses in the FEA with different chord lengths, linear analysis and a non-bent chord tube
was used in the model. Stresses were also checked for X-joint and T-joint which were
researched. Pinned boundary condition of T-joint represents same constraints that test
arrangement allowed for the joint.

Table 13. Structural stresses determined from variable chord lengths and boundary
conditions.
Stress concentration factors
Fixed

Pinned

Chord
length

BC

CC

BS

CS

BC

CC

BS

CS

250

3.66

11.00

4.21

3.05

3.77

11.62

4.18

3.02

200

3.28

8.74

4.30

3.14

3.39

9.37

4.28

3.11

150

2.89

6.51

4.37

3.23

3.00

7.12

4.36

3.20

100

2.63

4.50

4.33

3.24

2.67

5.04

4.39

3.27

T-joint

2.59

4.96

3.14

1.91

14.98

28.31

1.19

2.85

X-joint

1.29

1.05

3.29

7.79

Based on the table 13, the following figure 45 shows the linear dependency between the
variables. The length of the chord affects most to the structural stress at the chord side crown
point. Stress concentration decreases in crown point and slightly increases in saddle point
when the length of the chord is reduced. The difference between two boundary condition
types does not have a major effect to the stress concentrations in critical points. In the Xjoint, chord’s saddle line is the most critical zone of structure. Graph in figure 47 does not
include stress concentration factor values of X-joint. However, it should be noted that the
model is linear with low nominal stress. Stress concentrations may be different from the
calculated values in the situation with higher external load because it cause larger
deformations.
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14.00

Lin. (BC fixed)
Lin. (CC fixed)
Lin. (BS fixed)
Lin. (CS fixed)
Lin. (BC pinned)
Lin. (CC pinned)
Lin. (BS pinned)
Lin. (CS pinned)

12.00

10.00

SCF

8.00

6.00

4.00

2.00

0.00
50

100

150
200
Half chord length [mm]

250

300

Figure 47. Linear dependency between chord length and stresses in critical points.

Following figures 48 and 49 includes stress distributions and its components in different
locations of joint. Relatively small stresses have been omitted. Distributions are based on
real values in these presentations.
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Figure 48. Stress distributions in X-joint.
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Figure 49. Stress distributions in T-joint.
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In figure 50 is shown maximum principal stress distributions through the wall thickness in
critical points. Distributions are drawn for X-joint and fixed T-joint. In figures 48 and 49
curves represents red distributions at different locations of the joint.

Figure 50. Maximum principal stress distributions through tube wall thickness in critical
points.

From figure 50 can be observed that the saddle is more critical in the X-joint and crown is
more critical in the T-joint. In the crown point the stress decreases very rapidly below the
tube wall surface. Same effect is noticeable also in stress distribution in the BS-point. There
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the stress increases in the X-joint and decreases in the T-joint rapidly near the inner surface
of the tube wall.

5.2.2 Force-displacement curves and strain contours
The ultimate strength of the joints was determined by utilizing advanced non-linear
(SOL601) analysis of FEA. The analysis was initially performed on a coarser model to get
some idea of the force-displacement behavior. These less accurate results are not presented
in this thesis. In the analysis of the X-joint, maximum displacement was chosen to be 3
millimeters and the number of time steps 100. Thus the displacement did not rise more than
0.03 millimeters during every increment. In figure 51 is shown force-displacement curves of
X-joints with two materials. In the FEA results, a correction term has been used to eliminate
the difference caused by the test rig and T-bracket.

A FEM
A test
D FEM

Force

D test

Displacement
Figure 51. Force-displacement curves of X-joints. Test results are from T2 specimens.

Following figure 52 shows strain contours in X-joint. Images are from FEM and ARAMIS.
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Figure 52. Maximum principal strain contours of X-joint (upper FEM, lower ARAMIS).
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In the analysis of the T-joint, maximum displacement was chosen to be 30 millimeters and
the number of time steps 300. Thus the displacement did not rise more than 0.1 millimeters
during every increment. In figure 53 is represented force-displacement curves of T-joints. It
is reasonable to note that the FEA results differs from the test results due to the simplified
boundary condition of the ferrule in the FEA model.

A FEM
A test
D FEM

Force

D test

Displacement
Figure 53. Force-displacement curves of T-joints. Test results are from TIG welded
specimens.

Following figure 54 shows where the highest strains occurs in the T-joint at point where
analysis stopped.
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Figure 54. Maximum principal strains in the T-joint.

78

5.2.3 Stress and strain behavior of different elements
The progress of elemental strains and stresses during tensile test were investigated. This was
to compare strain changes between the different locations near the weld. From each critical
point, one element was chosen to be examined. In figure 55 is shown chosen elements for
stress and strain examination. In figure 56 and 57 is graph which shows maximum principal
strains of chosen elements in the T-joint. Values were taken from model where the material
was C. Throat thickness of the FE-model weld was 0.3 mm larger compared to the weld size
shown in figure 21.

Figure 55. Chosen elements for stress ands strain examinations.
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Figure 56. Maximum principal strains of crown elements in T-joint.
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CS out
CS in
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Figure 57. Maximum principal strains of saddle elements in T-joint.
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From figures 56 and 57 can be observed that at the beginning of tensile test strain values
starts to grow fastest in the CC out –point. Strain values of S weld out, S weld in and BS –
elements start to grow at point where the ultimate tensile strength of the t-joint is reached. S
weld out –point attains the CC out –point when the time step is 110. S weld in –point has
third biggest strain values. In the CC-point, it can be noticed that there are major difference
in strain values between outer and inner surfaces which tells about the ovalization of the
chord. There is almost no stretch on the inner surface of the tube. Strain values in BC, BS,
C weld and root areas are relatively small.

Maximum principal stresses are taken from same elements where strain values were taken.
In figures 58 and 59 is shown graph which shows stresses of elements in the t-joint.
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Figure 58. Maximum principal stresses of crown elements in T-joint.
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Figure 59. Maximum principal stresses of saddle elements in T-joint.

Element stresses receive significantly different values compared to the strains. Some
elements with the highest strains have the lowest stresses and vice versa. CC out and S weld
in –points are only exception having both values the highest of all examined elements. The
deformation in the chord tube contributes to the development of stresses. If we had examined
the normal stress of the critical direction and the strain in the same direction, the results
would be more coherent. In terms of damage, the principal stresses and strains were a better
solution. Stress contours and deformation of T-joint are shown in figure 60.
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Figure 60. Stress distribution and deformation of T-joint at point where analysis stopped.
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From figure 60 can be observed the reason why strains and stresses behaves in certain way
in elements under investigation. In the outer surface of saddle the stress is near to zero even
the strain values are the highest in the joint. The reason for this phenomenon is that the
deformation caused by the tensile load causes compression stress to the saddle point. This
type of deformation is made possible by the ferrule sliding in the tube. The tube cross-section
is flattened by 7 millimeters relative to the original. This deformation makes inner side of
tube major strain and stress values which are located under the weld and in the neutral axis
of chord tube.

In the crown point the highest strain and stress values occur in same element. There are also
elements with high stress values despite the slight strains. In the cross section of the weld
can be observed that the lowest stress values are located on its center line. From this it can
be stated that the weld of the T-joint with these dimensions, boundary conditions and
material parameters is not critical. In figure 61 and 62 is graph which shows maximum
principal strains of chosen elements in the X-joint.
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Figure 61. Maximum principal strains of crown elements in X-joint.
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Figure 62. Maximum principal strains of saddle elements in X-joint.

From figures 61 and 62 can be observed that all strain occurs in the saddle. Strain values in
the crown are nearly zero. The highest strains are located in the CS-points. Strain values in
the weld are up to one fifth of the maximum value. In figures 63 and 64 is shown graph
which shows maximum principal stresses of elements in the X-joint.
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Figure 63. Maximum principal stresses of crown elements in X-joint.
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Even though there are no major strain at the crown point, the stress values with the two
elements rise to the same levels as the saddle point elements. Stress distributions and
deformation of X-joint are shown in figure 65.

Figure 65. Stress distribution and deformation of X-joint at point where analysis stopped.
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In the saddle highest stress values occur in the weld toes and neutral axis of chord. In the
middle of weld there are relatively high stresses but value still increases slightly in the upper
weld toe and considerably in lower toe. Highest stress values in the crown point occur in the
weld toes. There is even compression stress at the root side of the weld. It can be concluded
from this that the weld is not critical with used parameters even in the X-joint. BC- and C
weld –elements have similar strain and stress values in X- and T-joints. The saddle is pushed
in slightly over 3 millimeters. The largest deformation was happened in the neutral axis next
to saddle where the cross section of chord tube has narrowed 4 millimeters.
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6

DISCUSSION

The load carrying capacity of T- and X-joints fabricated circular structural hollow section
profiles has been researched experimentally and using finite element analysis. The results
obtained from the laboratory and the FE analysis distinguish more than normal because the
FE model contains several differences compared to the reality. In this chapter, the reliability,
validity and possible error causes of the laboratory test results and FEM results are reviewed.
Based on the results obtained, conclusions can be drawn, as well as the directions for further
research and how research could be developed or improved.

6.1

Reliability, validity and error analysis of the study

The overall reliability of results is reasonable in every used research method. Laboratory
tests included several tests for each material and welding process. The test arrangement did
not contain significant error possibilities. Displacement was also measured over the welded
joint, so the looseness of the test rig, –platform and sensor that affected the entire specimen
displacement were eliminated from the results. X-joints included several tests for same
material and welding process combinations which increased the reliability of tests.
Reliability of laboratory tests is impaired by the fact that for T-joints only one test was
performed for each combination of material and welding process. Possible errors in
laboratory tests were due to the differences in dimensions of the test pieces and in the quality
of the weld.

FE-analysis always involves slight modeling errors in terms of material models, meshing,
geometry and load, which is why the numerical behavior of the model can be different in
every case. In this thesis FE-analysis contains a few chances of error in relation to the actual
test specimen being investigated. Possible error causes are following:
•

The geometry and material of the weld did not match exactly the real situation.

•

The change in material properties caused by bending was not considered as well as
the softening of material caused by welding.

•

Residual stresses caused by bending and welding were not included in the model.

•

The ferrule boundary condition was modeled in a simplified manner.

•

FE-model reflects the “perfect” test specimen without angular or dimensional errors.
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In addition of these, the error is caused by the variation of the mesh size. Finer mesh is used
in the critical areas where stresses are defined. The error was attempted to minimize by
making the finer mesh in a sufficiently wide area around critical points. Errors can also occur
when different element types were used on same tube. They can mostly show in the boundary
line where the element type changed but this boundary line was not near critical areas. In
order to achieve a more accurate load-displacement behavior in FE-analysis, a more precise
material model is essential. More precise material model would require the tensile test on
the mere tube and hardness measurements to clarify the softening effect caused by welding.
From force-displacement curve and tube dimensions can be read necessary material values
for accurate material model.

In this research, the right tools and methods were used, which makes the validity excellent.
The laboratory test rigs, measuring instruments and FEA are all meant to study structures
like in this thesis. Test specimens were manufactured suitable for static tests and the actual
welding conditions were taken into account. In the laboratory, joint welding was practiced
before welding the actual test specimens to avoid incorrect welding quality.

6.2

Further research

Further topics of research should include more similar materials such as Reynolds tubes.
Also, the effect of different dimensional combinations between brace and chord should be
investigated. How the tensile strength of the joint would change if the chord tube would have
for example larger diameter or wall thickness. These variations would also show how the
location of the fracture may change as the dimensions change and what the most optimal
solution for weight is. In this research only one bending radius of the chord tube was used.
By studying different bending radius, it would be seen how different cold forming rate
affects the joint's strength. Researching the joint welded with various welding parameters
and filler materials would tell if the load carrying capacity could be increased more.

The research could also be extended to different types of joints such as X-, Y- and K-joints
or even larger truss structures. In addition to the axial force, in plane and out of plane bending
force or some combination of these can be used as a loading force. Besides widening the
study to other materials, dimensions and joint types, the fatigue life of the joint and load
carrying capacities at lower temperatures could have been studied.
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6.3

Conclusion

Overall, the studied materials are very ductile. Lower deformation capacity, even the failure
was ductile, proved to be dominant in certain welding processes. The weld filler material
may have also been a decisive factor in deformation capacities of the joints.

Finite element analysis also showed that the damage occur most likely in the places where
the test pieces were broken. Although the ultimate capacity of the joint obtained by the FE
analysis differed from the test results, FEM could be utilized in the study of stress
distributions and in the design of the test platforms.

Materials behave differently depending what welding process have been used. TIG welding
gives good results for all materials. It is also good to control the heat input in TIG welding.
The results showed that the pulsed welded parts lasted higher forces than those welded
without pulse Based on the laboratory tests and other results following conclusion can be
drawn:
•

A is one of the most ductile material and the fracture was always located in the base
material. Material got the best result as TIG and MAG welded.

•

B is very similar compared to the A. Material got the best result as TIG welded and
the worst as MAG welded.

•

C behaves similar compared to the A and B but achieves lower ultimate forces in the
X-joints. Material is good to weld with all the processes.

•

D achieves the highest ultimate forces but at the same time the material has the lowest
deformation capacity and fracture is in the weld. Material got the best result as MAG
welded and the worst as MAG brazed.

•

Filler material of MAG-brazing was main reason for lower deformation capacities of
the joints.

•

MAG brazing could be a competitive alternative with a larger throat thickness,
because the softening occurs less in the base material.

•

All the TIG welded specimens behave ductile even under impact loads.

•

Experimental test results and the results of the FE method are in line with the
behavior of the joint.
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7

SUMMARY

In this thesis combinations of different tube materials and welding processes were examined.
The research included four materials and three welding processes. Specimens were tested
under quasi-static tensile and impact loads. In addition to laboratory tests, the work included
FE-analysis and literature review, where the most important part was pipe manufacturing
methods and tolerances. The implementation of the laboratory tests required designing of
the test arrangements, because the tube joints to be examined could not be attached directly
to the test rigs. With FEM, the maximum force that the tube joint can withstand was obtained,
by which the strengths of the test system were designed to be sufficient.

Laboratory tests included tube materials A, B, C and D. Welding processes that were used
was TIG, MAG and MAG-brazing. Tensile test was performed for T-joint with all material
and welding process combinations. X-joints were used to compare the weld quality of
different welders and to achieve the fracture in different location. X-joints were welded using
only TIG. Impact tests were performed for T-joints which get the most promising results
from the tensile test.

The results indicates that welding process affects different material in different ways. The
maximum force that T-joint can achieve is almost constant regardless of the process.
Welding process has a greater effect on the magnitude of deformation at fracture. Compared
to the TIG, MAG welding increases deformation at fracture in C and D but decreases in B.
In A there is not major difference. On the other hand, MAG-brazing significantly degreases
the value in all materials except C which stay unchanged.

Tensile test results of X-joints indicates that welding heat input significantly affects the
strength of the joint. Pulse welded joints had 5–44 % better results depending on material.
Results showed that A and B behaves very similar. C reaches the fracture much earlier, even
though the material values are the same as the A and B. D reached the highest maximum
forces even though the X-joints were the lightest of the joints. In spite of the high forces,
joints made of D had the lowest deformation capacity, and the difference between its results
was considerable.
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When comparing the results from the X- and T-joints, it can be noted that the differences
between the materials is changed. The difference between C, A and B has been leveled and
especially in TIG welded joints they behave the same way. The results of C do not change
much even if the welding process changes.

The results show that D always broke out of weld or next to it while the A and C from the
base material. B break down randomly from both. D has the highest yield and tensile
strengths of the materials researched, so stronger filler material or bigger weld throat
thickness could improve its results. With current methods, the weld is not critical with A and
C materials, but welding heat input seems to affect the strength of the base material, which
can be obtained from results when comparing specimens welded in laboratory and workshop.
It is good to note that the damage to the T-joints, which have broken from the base material,
has occurred in the cold-formed area where the elongation at break is reduced.
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Appendix I, 1

Technical datasheet of MAG-brazing filler material.

Appendix I, 2

Technical datasheet of MAG filler material.

Appendix I, 3

Technical datasheet of TIG filler material.

Appendix II, 1

Design resistances of welded T, Y and X joints between CHS brace and CHS chord.

Appendix II, 2

Design resistance of welded T, Y and X joints between CHS brace and CHS chords for
bending moment.

Appendix II, 3

Design resistances of welded gap K, N and KT joints between CHS brace and CHS chord.

Appendix II, 4

Design resistance of welded overlap N, K and KT joints.

Appendix III, 1

Manufacturing drawing of brace.

Appendix III, 2

Manufacturing drawing of T-joint chord.

Appendix III, 3

Manufacturing drawing of X-joint chord.

Appendix III, 4

Manufacturing drawing of T-joint assembly.

Appendix III, 5

Manufacturing drawing of X-joint assembly.

Appendix IV

Material models

A
1000
0.14, 920

900
800

0.15, 800

700

Stress

600

0.002, 620

500
400
300

Engineering

200

True stress strain

100
0, 0

0
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

Strain

B
1000
0.12, 904

900
800

0.13, 800
700
0.002, 690

Stress

600
500
400
300

Engineering

200
100

True stress strain

0, 0
0
0

0.02

0.04

0.06

0.08

Strain

0.1

0.12

0.14

C
1200
0.16, 1006
1000

Stress

800

0.17, 860
0.002, 690

600

400

Engineering

200

True stress strain

0, 0
0
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

Strain

D
900
0.12, 791
800
700
0.13, 700

Stress

600
0.002, 550

500
400
300
200

Engineering

100

True stress strain

0, 0
0
0

0.02

0.04

0.06

0.08

Strain

0.1

0.12

0.14

Appendix V, 1

Tensile test results for X-joint

Capacity

Failure

Id.

γF

Place of
failure

Type of
failure

X_A_T1

0.70

base material
in chord

ductile

Force

X_A_T1

Total displacement
Joint displacement
Displacement

Appendix V, 2

Tensile test results for X-joint

Capacity

Failure

Id.

γF

Place of
failure

Type of
failure

X_A_T2

0.65

base material
in chord

ductile

Force

X_A_T2

Total displacement
Joint displacement
Displacement

Appendix V, 3

Tensile test results for X-joint

Capacity

Failure

Id.

γF

Place of
failure

Type of
failure

X_A_T3

0.72

base material
in chord

ductile

Force

X_A_T3

Total displacement
Joint displacement
Displacemen

Appendix V, 4

Tensile test results for X-joint

Capacity

Failure

Id.

γF

Place of
failure

Type of
failure

X_A_M1

0.65

base material
in chord

ductile

Force

X_A_M1

Total displacement
Joint displacement
Displacement

Appendix V, 5

Tensile test results for X-joint

Capacity

Failure

Id.

γF

Place of
failure

Type of
failure

X_B_T1

0.61

base material
in chord

ductile

X_B_T1
Total displacement

Force

Joint displacement

Displacement

Appendix V, 6

Tensile test results for X-joint

Capacity

Failure

Id.

γF

Place of
failure

Type of
failure

X_B_T2

0.64

weld toe in
brace

ductile

Force

X_B_T2

Total displacement
Joint displacement
Displacement

Appendix V, 7

Tensile test results for X-joint

Capacity

Failure

Id.

γF

Place of
failure

Type of
failure

X_B_T3

0.62

base material
in chord

ductile

Force

X_B_T3

Total displacement
Joint displacement
Displacement

Appendix V, 8

Tensile test results for X-joint

Capacity

Failure

Id.

γF

Place of
failure

Type of
failure

X_B_M1

0.58

weld toe
in brace

ductile

Force

X_B_M1

Total displacement
Joint displacement
Diplacement

Appendix V, 9

Tensile test results for X-joint

Capacity

Failure

Id.

γF

Place of
failure

Type of
failure

X_C_T1

0.53

base material
in chord

ductile

Force

X_C_T1

Total displacement
Joint displacement
Displacement

Appendix V, 10

Tensile test results for X-joint

Capacity

Failure

Id.

γF

Place of
failure

Type of
failure

X_C_T2

0.55

base material
in chord

ductile

Force

X_C_T2

Total displacement
Joint displacement
Displacement

Appendix V, 11

Tensile test results for X-joint

Capacity

Failure

Id.

γF

Place of
failure

Type of
failure

X_C_T3

0.55

base material
in chord

ductile

Force

X_C_T3

Total displacement
Joint displacement
Displacement

Appendix V, 12

Tensile test results for X-joint

Capacity

Failure

Id.

γF

Place of
failure

Type of
failure

X_C_M1

0.43

weld toe in
brace

ductile

Force

X_C_M1

Total displacement
Joint displacement
Displacement

Appendix V, 13

Tensile test results for X-joint

Capacity

Failure

Id.

γF

Place of failure

Type of
failure

X_D_T1

0.52

weld / weld toe
in brace

ductile

Force

X_D_T1

Total displacement
Joint displacement
Displacement

Appendix V, 14

Tensile test results for X-joint

Capacity

Failure

Id.

γF

Place of failure

Type of
failure

X_D_T2

0.63

weld / weld toe
in brace

ductile

Force

X_D_T2

Total displacement
Joint displacement
Displacement

Appendix V, 15

Tensile test results for X-joint

Capacity

Failure

Id.

γF

Place of failure

Type of
failure

X_D_T3

0.48

weld / weld toe
in brace

ductile

Force

X_D_T3

Total displacement
Joint displacement
Displacement

Appendix V, 16

Tensile test results for X-joint

Capacity

Failure

Id.

γF

Place of failure

Type of
failure

X_D_M1

0.35

weld / weld toe
in brace

ductile

Force

X_D_M1

Total displacement
Joint displacement
Displacement

Appendix VI, 1

Tensile test results for T-joint

Capacity

Failure

Id.

γM

Place of
failure

Type of
failure

T_A_V1

1.07

base material
in chord

ductile

Force

T_A_V1

Displacement

Appendix VI, 2

Tensile test results for T-joint

Capacity

Failure

Id.

γM

Place of
failure

Type of
failure

T_A_V2

1.13

base material
in chord

ductile

Force

T_A_V2

Displacement

Appendix VI, 3

Tensile test results for T-joint

Capacity

Failure

Id.

γM

Place of
failure

Type of
failure

T_A_V3

1.09

base material
in chord

ductile

Force

T_A_V3

Displacement

Appendix VI, 4

Tensile test results for T-joint

Capacity

Failure

Id.

γM

Place of
failure

Type of
failure

T_B_V1

1.03

base material
in chord

ductile

Force

T_B_V1

Displacement

Appendix VI, 5

Tensile test results for T-joint

Capacity

Failure

Id.

γM

Place of
failure

Type of
failure

T_B_V2

1.09

weld toe in
chord

ductile

Force

T_B_V2

Displacement

Appendix VI, 6

Tensile test results for T-joint

Capacity

Failure

Id.

γM

Place of
failure

Type of
failure

T_B_V3

1.04

weld in crown
point

ductile

Force

T_B_V3

Displacement

Appendix VI, 7

Tensile test results for T-joint

Capacity

Failure

Id.

γM

Place of
failure

Type of
failure

T_C_V1

1.01

base material
in chord

ductile

Force

T_C_V1

Displacement

Appendix VI, 8

Tensile test results for T-joint

Capacity

Failure

Id.

γM

Place of
failure

Type of
failure

T_C_V2

1.00

base material
in chord

ductile

Force

T_C_V2

Displacement

Appendix VI, 9

Tensile test results for T-joint

Capacity

Failure

Id.

γM

Place of
failure

Type of
failure

T_C_V3

1.00

base material
in chord

ductile

Force

T_C_V3

Displacement

Appendix VI, 10

Tensile test results for T-joint

Capacity

Failure

Id.

γM

Place of
failure

Type of
failure

T_D_V1

1.08

weld toe in
chord

ductile

Force

T_D_V1

Displacement

Appendix VI, 11

Tensile test results for T-joint

Capacity

Failure

Id.

γM

Place of
failure

Type of
failure

T_D_V2

1.41

weld toe in
chord

ductile

Force

T_D_V2

Displacement

Appendix VI, 12

Tensile test results for T-joint

Capacity

Failure

Id.

γM

Place of
failure

Type of
failure

T_D_V3

0.78

weld in crown
point

brittle

Force

T_D_V3

Displacement

Appendix VII, 1

Impact test result

Strain gauges T_A_P1

0.002

Strain gauge 1

Strain

0.0015

Strain gauge 2

0.001

0.0005
0
0

0.1

0.2

-0.0005

0.3

0.4

0.5

0.6

Time [s]

Accelerometer T_A_P1

4000

Acceleration [g]

3000
2000
1000
0
-1000

0.02

0.03

0.04

-2000
-3000

Time [s]

0.05

0.06

Appendix VII, 2

Impact test result

Strain gauges T_B_P1
Strain gauge 1

Strain

Strain gauge 2

Time
5000

Accelerometer T_B_P1

4000

Acceleration [g]

3000
2000
1000
0
-1000 0.02

0.03

0.04

-2000
-3000
-4000
Time [s]

0.05

0.06

Appendix VII, 3

Impact test result

Strain gauges T_C_P1
Strain gauge 1

Strain

Strain gauge 2

Time

Accelerometer T_C_P1

6000

Acceleration [g]

4000
2000
0
0

0.01

0.02

0.03

-2000
-4000

Time [s]

0.04

0.05

0.06

Appendix VII, 4

Impact test result

Strain gauges T_D_P1
Strain gauge 1

Strain

Strain gauge 2

Time
5000

Accelerometer T_D_P1

4000
Acceleration [g]

3000
2000
1000
0
-1000 0.02

0.03

0.04

-2000
-3000

Time [s]

0.05

0.06

Appendix VIII

Labeling of test specimen names

