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ABSTRACT

Hot-dip galvanizing is the process of submerging steel elements into molten zinc

to form a metallurgically bonded zinc coating that serves as corrosion protection

for the steel substrate. Used with great success on an industrial scale for many

decades, hot-dip galvanizing is a ubiquitous process. On occasion, cracks in

steel members develop during galvanizing. While such cracking remains a poorly

understood phenomenon, previous research has attributed the formation of

cracks to the combined effects of residual strains introduced by welding and

temperature-induced deformations caused by the hot-dip galvanizing process.

This article presents thermomechanical analyses of a structural steel beam with

a welded double-angle connection detail where cracking occurred during

hot-dip galvanizing. Three-dimensional finite element models of the beam and

connection detail were analyzed using the finite element analysis software

Abaqus (Dassault Systèmes, Vélizy-Villacoublay, France). The welding process

was simulated using the Abaqus Welding Interface, maintaining the welding

sequence of the connection. After welding, the entire beam was subjected to a

temperature field that was specified through a user subroutine in Abaqus,

simulating the hot-dip galvanizing process. The temperature field had a bath

temperature of 450°C and a thermal cycle that included dipping, dwell time, and

removal from the bath. Material properties used in the simulation were nonlinear

Manuscript received July 21, 2017;

accepted for publication

November 30, 2017; published

online July 10, 2018.

1 Department of Civil,

Environmental and Architectural

Engineering, University of Kansas,

1530 W. 15th St., 2150 Learned

Hall, Lawrence, KS 66045, USA,

https://orcid.org/0000-0003-

0745-9984 (K.N.)

2 Department of Civil and

Environmental Engineering,

University of Texas at San

Antonio, 1 UTSA Cir., San Antonio,

TX 78249, USA

3 Department of Civil,

Environmental and Architectural

Engineering, University of Kansas,

1530 W. 15th St., 2150 Learned

Hall, Lawrence, KS 66045, USA

(Corresponding author), e-mail:

crb@ku.edu, https://orcid.org/

0000-0002-2713-0011

Materials Performance and Characterization

Copyright © 2018 by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959 165

doi:10.1520/MPC20170115 / Vol. 7 / No. 2 / 2018 / available online at www.astm.org

 

Copyright by ASTM Int'l (all rights reserved); Wed Dec  4 09:43:32 EST 2019
Downloaded/printed by
Kansas University (Kansas University) pursuant to License Agreement. No further reproductions authorized.

https://doi.org/10.1520/MPC20170115
https://orcid.org/0000-0003-0745-9984
https://orcid.org/0000-0003-0745-9984
mailto:crb@ku.edu
https://orcid.org/0000-0002-2713-0011
https://orcid.org/0000-0002-2713-0011
https://doi.org/10.1520/MPC20170115
https://www.astm.org


and temperature dependent. The parameters of the study were the welding

sequences, heat input during welding, and the depth of the double-angle

connection. It was observed that strain demands due to welding and hot-dip

galvanizing were high magnitude at the cracked location in the beam. The relative

significance of strain demands due to welding and of hot-dip galvanizing on the

propensity for the beam to develop cracks are discussed.

Keywords

welding residual stress, thermal stress, cracking, hot-dip galvanizing, steel building structures,

finite element analysis

Introduction

Corrosion damage of steel structures has been estimated to be as high as 3.0 % of the gross

domestic product of many countries, including the United States, making it a matter of

significant concern [1,2]. Hot-dip galvanizing, a common industrial process used to pre-

vent corrosion, has been used with success on a large scale for many decades. In this proc-

ess, steel elements are cleaned through a surface preparation process and then submerged

into molten zinc to form a metallurgically bonded zinc coating that serves as corrosion

protection for the steel substrate.

On occasion, incidents of cracking in steel structures have been documented during

the galvanizing process. Such cracks require costly repairs and raise safety concerns when

structures with undetected flaws are placed in service. While cracking associated with gal-

vanizing remains a poorly understood phenomenon, previous research has concluded that

the combined effects of residual strains introduced by fabrication (e.g., rolling and straight-

ening, welding, bending, cutting, punching) and strain demands caused by the hot-dip

galvanizing process [3,4] are important contributing factors to the formation of cracks.

A W8×18 steel beam (metric equivalent W200×135×26.6) with a welded double clip

angle connection (L3×3×3/8, metric equivalent L75×75×9.5) was found to have sustained

cracking during hot-dip galvanizing (Fig. 1). The crack opened at a distance of 4 mm from

the weld toe, at the beam end, and paralleled the weld line for 75 mm, although the location

of crack initiation was not apparent. This type of connection detail is common in building

75 mm 

FIG. 1

Beam detail with crack after

hot-dip galvanizing.
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structures, so this failure raised concern among designers, fabricators, and galvanizers and

highlighted the need to investigate the problem.

Since physical tests are expensive and highly challenging, especially in hot-dip gal-

vanizing conditions where testing devices are submerged in a high-temperature (450°C)

liquid zinc environment, computational simulations offer a useful tool with which to study

the cracking phenomenon. Even so, thermomechanical analyses that simulate both the

welding and galvanizing processes are technically challenging and require large computer

platforms, which explains the sparse literature pertaining to such simulations. Toi,

Kobashi, and Iezawa [5] analyzed the behavior of welded bridge girders during hot-

dip galvanizing but did not account for the effect of welding. Later, Toi and Lee [6] in-

corporated measured welding residual stress into the finite element model as an initial

condition. An important study was performed by Kleineck [7], who modeled steel high

mast illumination poles to investigate galvanizing-induced cracks at the weld toe of the

connection between the base plate and pole shaft. However, this study did not account for

the effects of the welding process. Rudd et al. [8] numerically investigated the strain history

of several steel details during the galvanizing process, but did not include the effect of

strains induced by the welding process.

The objectives of this study were to (1) study the behavior of a welded beam connection

during the galvanizing process, identifying areas with the highest susceptibility to cracking,

and (2) to study the effect of the propensity to crack on three parameters that are commonly

varied in design and fabrication practice: welding sequence, welding heat input, and the

depth of the double-angle connection. Three-dimensional finite element models of the

W8×18 beam were analyzed using thermomechanical analyses with load steps simulating

the sequential effects of welding and hot-dip galvanizing. The analyses includedmaterial and

geometric nonlinearities, and the properties of the steel were temperature dependent.

Finite Element Model

GENERAL DESCRIPTION

A sequentially coupled thermal-stress analysis using Abaqus (Dassault Systèmes, Vélizy-

Villacoublay, France) was developed to capture the cumulative effect of both welding and

galvanizing processes on the beam detail shown in Fig. 1. The loading sequence began with

a nonlinear heat transfer analysis that simulated the welding sequence and the galvanizing

process. The calculated temperature fields were then imposed on the beam section to cal-

culate stress and strain fields. This sequential modeling approach has been used widely to

simulate welding processes in the literature, including studies performed by Deng and

Murakawa [9], Perić et al. [10], and Keinänen [11]. This approach provides the oppor-

tunity to study the influence of welding parameters (and the ensuing residual stresses and

strains) on stress and strain responses during and after galvanizing.

Thermomechanical properties of S355JR steel (equivalent to ASTM A572-50,

Standard Specification for High-Strength Low-Alloy Columbium-Vanadium Structural

Steel) were sourced from Perić et al. [10]. Temperature-dependent thermal and mechanical

properties (Fig. 2) were the same for the weld and base metal; the phase transformation of

welding was neglected in this analysis because of its insignificant effect [9]. In addition to

being temperature dependent, the material model for steel was elastic-plastic.

The beam section and connection detail were representative of the actual sample

that cracked during galvanizing. It included an I-beam (W8×18, metric equivalent
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W200×135×26.6) and two clip angles (L3×3×3/8, metric equivalent L75×75×9.5), as pre-
sented in Fig. 3. The double angles were welded onto the beam section using techniques

that are described in more detail in the next section. Although weld size varied from lo-

cation to location in the physical beam, a 6-mm fillet weld was modeled on both sides of

the beam, and a weld size of 5.0 by 5.8 mm was assigned to the vertical weld at the beam

end between the two clip angles. A beam cope was modeled at the top flange with a depth

of 30 mm, a length of 76 mm, and a radius of 10 mm. Bolt holes on the outstanding legs of

the double angles were included in the model and had a diameter of 22 mm. All of these

dimensions were based on measurements of the beam. Fig. 3 also shows the boundary

conditions, which were selected to minimize their effects on the stress and strain fields

in the area surrounding the connection detail.

The mesh configuration was designed based on the results from a mesh sensitivity

study. The beam web, with a thickness of 5.8 mm, had four elements through its thickness,

as did the two beam flanges. The clip angles were three elements thick. The region sur-

rounding the weld lines was meshed using edge seeding with a size of 1.5 mm in the longi-

tudinal direction to accurately represent the temperature and strain gradients. A typical

element size used in the mesh surrounding the observed crack area was 1.10 by 1.45 by

1.50 mm. The entire model included approximately 193,000 elements and 217,000 nodes.

FIG. 2

Temperature-dependent

material properties: (a) thermal

and (b) elastic-plastic

mechanical, adapted from

Perić et al. [10].
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For the thermal analysis, eight-node linear heat transfer brick elements were used; for the

stress analysis, eight-node linear brick elements were used.

Calculated total strains were decomposed into three components: elastic, plastic, and

thermal strain. Elastic strain was calculated based on the isotropic Hooke’s law with tem-

perature-dependent values for Young’s modulus and Poisson’s ratio (Fig. 2). Thermal

strain was calculated using the coefficient of thermal expansion, which was also temper-

ature dependent (Fig. 2). Plastic strain was independent of loading rate but dependent on

temperature (Fig. 2).

Linear kinematic hardening was utilized to capture material behavior during welding

[12]. The selection of a hardening model is an important choice for this type of analysis,

and it has been discussed extensively in the literature [13–19]. Although the use of a com-

bined model of kinematic and isotropic hardening would be preferable, obtaining the ex-

perimental data to calibrate it is extremely difficult because of the effects that temperature

has on the mechanical properties of the steel. Nonlinear material behavior was included in

the model using incremental plasticity with the von Mises yield criterion and the asso-

ciated plastic flow rule [20].

WELD SIMULATION METHODOLOGY

The welding simulation was performed using the Abaqus Welding Interface (AWI) plug-

in, a utility developed by SIMULIA [21]. The AWI utility generates analysis steps for the

heat transfer and static stress analyses, bypassing the need for the user to manually define

hundreds of steps in which a weld is placed in small segments over the area to be welded.

Welding parameters are input by the user in the AWI utility, specifying welding speed,

welding sequence, weld and base metal material, and heat transfer properties. In the heat

transfer analysis, the weld is simulated via a prescribed temperature applied at the boun-

dary between the current weld pass and the base metal. The applied temperature is then

ramped (at a user-defined rate) and held over a period of time, after which a user-defined

segment of weld elements is deposited into the weld pool. Each length of weld segment

includes the full weld cross-section. An illustration of the prescribed temperature approach

implemented using the AWI utility is presented in Fig. 4. The output temperature

FIG. 3 Dimensions, boundary conditions, and meshing of the control model.
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fields of the heat transfer analysis are then applied as a predefined condition in the stress

(mechanical) analysis. During this analysis, all weld elements are already present.

However, the yet-to-be-deposited weld elements are assigned a melting temperature

(1,450°C), which leads to very soft mechanical properties for the weld elements. This

allows the yet-to-be-deposited weld elements to deform with weld zone deformation,

thereby not affecting the overall response. The deposition of weld metal during the stress

analysis is handled in the AWI utility using the “model change” technique in Abaqus to

remove and reintroduce the corresponding weld elements with a free strain state [22].

A full description of the analysis methodology and numerical steps used in the AWI

modeling routine can be found in the AWI Users’ Manual [21].

Fig. 5 shows the welding sequence used in the control model of this study. The welding

speed was v= 400 mm/min. The heat convective coefficient in air was hair= 10 W/m2/K

[10,23,24]. The effective emissivity was ε= 0.9, and the Stefan-Boltzmann constant

was σ = 5.67E-08. Room temperature was specified to be 20°C. After the welding process

was completed, the beam was allowed to cool for 3,600 s before the galvanizing sequence

was initiated in the model.

A sensitivity study of the AWI model input parameters was presented by Nguyen

et al. [25]. The goal of that study was to determine sets of AWI interface input parameters

that would produce results in good agreement with experimental measurements. Based on

the sensitivity study by Nguyen et al. [25], a prescribed temperature of 1,500°C (slightly

higher than the melting temperature of steel of 1,450°C) and a weld segment length of

10 mm were chosen. The third parameter, the ramping option in the AWI utility, was

used to change the welding heat input parameter. The ramping option allows the user

to adjust the speed at which the welding target temperature is achieved, thereby affecting

weld heat input. Note that this technique is helpful for adjusting heat input for a given weld

size, but heat input can also be influenced by the weld dimensions. The use of these param-

eter-generated temperature profiles that were close to the experimental measurements

were obtained by Perić et al. [10].

GALVANIZING SIMULATION METHODOLOGY

The thermal and mechanical analyses for the hot-dip galvanizing process were embedded

after the welding simulation was completed. The Abaqus user subroutine, FILM, was de-

veloped to simulate the external temperature field acting on the beam as it was being

arc has passed 
the node

target temperature

start of weld

time for ramping 
temperature

time for 
holding 

temperature

Time

T
em

pe
ra

tu
re

cooling

total time of an 
AWI weld pass

FIG. 4

The prescribed temperature

approach for nodes associated

with a weld, modified from

Lindgren [17].
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dipped, held, and extracted from a galvanizing kettle, as illustrated in Fig. 6. The FILM

subroutine was responsible for creating a reference plane, which moved across the beam

model based on the dipping velocity. The portions of the beam detail below the reference

plane were assigned parameters representing contact with liquid zinc; the portions above

the reference plane were assigned parameters representing contact with air. While steel

parts were in contact with liquid zinc in the galvanizing bath, convection between the

molten zinc and the structural component was considered to be the primary mode of heat

transfer, while radiation and conduction were assumed negligible. The heat convective

coefficient used when the beam was in contact with liquid zinc was hzinc= 1,350 W/

m2/K and was hair= 10 W/m2/K when the beam was in contact with air; both of these

coefficients were derived experimentally by Cresdee et al. [26]. The air temperature

was set to 20°C, and the liquid zinc temperature was set to 450°C. Dipping and removing

speeds of 300 mm/min were chosen based on common practice. The beam section was

modeled as being dipped with an angle of 0°, meaning the connection detail was dipped

horizontally. The beam was held fully submerged in the bath for 320 s (referred to as the

dwell time). The total time for the galvanizing process, including dipping, dwelling, and

extraction, was 400 s. After extraction, the beam model was allowed to cool in-air for

3,600 s.

To examine the effect of welding and hot-dip galvanizing on the beam detail, eleven key

points of time were selected across the sequential process and are denoted as t1–t11, as shown

in Figs. 5 and 6. The physical significance of each of those points is described in Table 1.

PARAMETRIC STUDY

The effects of three parameters on the stress and strain fields in the beam-end connection

were evaluated: welding sequence, welding heat input, and geometry of the connection.

FIG. 5 Timeline of the welding simulation (welding sequence 1 is shown).

Time (s)
0

Welding procedure (468.75 s) Cooling after 
welding (3,600 s)

Weld 1 
(11.25 s)

60 s

60 s

Side A

Side B

End

60 s

60 s

3,550 s

Weld 2
(21.0 s)

Weld 3 
(11.25 s)

Weld 4 
(11.25 s)

60 s

60 s
Weld 7 (21.0 s)

50 s

t1 = 223.75 t2 = 447.5 s

468.75 4,068.75

t3 = 536.75

Hot-dip 
galvanizing

Weld 5
(21.0 s)

Weld 6 
(11.25 s)

t4 = 4,068.75

1

3

5

4

6

7

2
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Four weld sequences were simulated to study the effect of the welding sequence, as

shown in Fig. 7 with yellow arrows. In the control model (Sequence 1, Fig. 7a), weld lines

were deposited downward at all sides, including Sides A, B, and the beam end. In Sequence

2 (Fig. 7b), the weld direction was reversed at the end, and, in Sequence 3 (Fig. 7c), the

weld directions at Sides A and B were reversed such that they were both upward. All the

weld directions in Sequence 4 (Fig. 7d) were upward, opposite those applied in the control

model.

The magnitude of heat input was inversely proportional to the percentage of time

taken to ramp the temperature to the prescribed torch temperature. Four levels of heat

TABLE 1
Explanation of time points shown in Fig. 5 and Fig. 6.

Time Significance

t1 60 s after finishing Welds 1, 2, and 3 at Side A

t2 60 s after finishing Welds 4, 5, and 6 on Side B

t3 50 s after finishing Weld 7 at the beam end

t4 3,600 s after the postweld cooldown (immediately before galvanizing); this time snapshot indicates the level of

residual stress and strain in the detail produced by welding

t5 5 s after dipping begins (liquid surface coincides with the crack path in the physical beam sample)

t6 20 s after dipping begins (liquid surface at midbeam level)

t7 37.5 s after dipping begins (liquid surface at the beam cope level)

t8 20 s after the start of extraction (liquid surface at midbeam level)

t9 40 s after the start of extraction (the point at which the beam has just been completely removed from the zinc)

t10 50 s after the start of postgalvanizing cooldown

t11 3,600 s after the start of postgalvanizing cooldown

FIG. 6 Timeline of hot-dip galvanizing simulation.

Time (s)

4,068.75 Hot-dip galvanizing (400 s) Cooling after 
galvanizing (3,600s)

4,468.75

Air 20oC

Liquid zinc
450oC

5 s

15 s

17.5 s
342.5 s

20 s

50 s

3,550 s

t4 = 4,068.75 t5 = 4,073.75 t6 = 4,088.75 t7 = 4,106.25 t8 = 4,448.75 t9 = 4,468.75 t10 = 4,518.75 t11 = 8,068.75

Welding

Dipping ~  40 s Dwelling ~  320 s Removing ~  40 s

8,068.75
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input were investigated in this study, as shown in Table 2. The heat input was calculated as

the total thermal load reaction at the nodes on the boundary between weld elements and

base metal, integrated over the corresponding time; this method has been verified by

Dewees [27]. Total heat input depends on the temperature field at the liquid-solid boun-

dary not the temperature of the interior of the weld pool [28]. Therefore, this numerical

formulation for heat input is smaller than the real heat input put into the weld pool.

Furthermore, the efficiency of welding equipment is normally around 50–70 %, so the

nominal heat input measured with the welding equipment must be greater than the com-

puted values [29]. For this reason, it is also valuable to consider the heat input magnitudes

relative to each other, and the percent increase in heat input from that in the control model

is shown in Table 2 as 13, 24, and 35 % for heat input levels 2, 3, and 4, respectively.

Three depths were considered for the double-angle connection in the parametric

study: full depth of 140 mm, three-quarter depth of 105 mm, and half-depth of

70 mm (Fig. 8). These variations were chosen in order to investigate whether proximity

FIG. 7 Welding sequences modeled in the parametric study: (a) Sequence 1 (control model), (b) Sequence 2, (c) Sequence 3, and

(d) Sequence 4.

TABLE 2
Welding heat input in parametric study.

Model Heat Input, J/mm Heat Input, kJ/in.

Increase in Heat Input from

Control Model, %

Heat input 1 (control model) 340 8.67 –

Heat input 2 390 9.78 13

Heat input 3 420 10.71 24

Heat input 4 460 11.69 35
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between the connection detail and the k-zone (the transition portion between the flange

and web in a steel hot-rolled shape) had a significant effect on the stress and strain de-

mands in that region.

Results and Discussion

Results for the control model are presented first to illustrate the general behavior during

welding and galvanizing, followed by effects of welding sequence, heat input, and connec-

tion depth. Because the modeling approach is time dependent, results are shown for the

entire model at discrete times t1–t11, as well as for selected points for the entire time his-

tory. Results are presented in terms of temperature (°C), von Mises stresses, and equivalent

plastic strain (PEEQ).

PEEQ directly reflects the cumulative effect of the loading and unloading cycles, and

thus was an important parameter for capturing this effect. In Abaqus [20], PEEQ is defined

as follows:

ε̄plj0 +
Z

t

0

˙̄εpldt (1)

where εpl is the plastic strain, ε̄plj0 is the initial PEEQ, and ˙̄εpl =
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2
3 ε̇

pl ε̇pl
q

.

This relationship shows the nature of PEEQ as a cumulative plastic strain measure.

Additionally, PEEQ used in conjunction with von Mises stresses has been established

in the literature as an appropriate indicator to predict cracking potential [30–40]. Fracture

problems are typically solved by invoking energy principles as crack propagation involves

dissipation of energy. A crack is assumed to grow when the energy release rate is greater

than a critical material-dependent value, which is a measure of the material’s fracture

toughness [41,42]. The strain energy density formulation in an elastic-plastic material,

W, is dependent on the von Mises stress and PEEQ as follows:

W =
1 − 2ν
6E

σkk +
1 + ν

3E
σVM +

Z
t

0
σVMϵ

ṗldτ (2)

FIG. 8 Change of connection depth in parametric study: (a) Depth 1 (control model; full-depth connection), (b) Depth 2

(three-quarters–depth connection), and (c) Depth 3 (half-depth connection).
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W =
1 − 2ν
6E

σkk +
1 + ν

3E
σVM + σVMε

pl (3)

where σVM is the von Mises effective stress, ϵ̇pl is the plastic strain rate, and εpl is the PEEQ.

This strain energy density is used by the J-integral to calculate the energy release rate in a

cracked body. Thus, von Mises and PEEQ are good indicators of possible crack locations.

CONTROL MODEL

Temperature Response of the Control Model

Fig. 9 presents the temperature distribution in the control model at times t1–t11; the figure

also shows corresponding deformation patterns with a magnification factor of 50. It can be

seen that the temperature during dipping (t5–t7) increased rapidly because of the high

convective coefficient of the galvanizing bath (1,350 W/m2/K), whereas temperatures dur-

ing and immediately after extraction (t8–t10) slowly decreased because of the low convec-

tive coefficient for air (10 W/m2/K). It is also apparent that the beam end with the welded

connection cooled slower than the rest of the section because of its greater thickness.

Fig. 10 presents temperature history at two points in the beam, A and B. Point A is

located at a distance of 1.1 mm from the weld toe, near the k-zone, while Point B is

approximately 3.5 mm from the weld toe. Point A corresponds to the location of the crack

in the physical beam sample, and Point B captures behavior in the cope region, which is

also susceptible to cracking during galvanization [43]. The temperature history was similar

for both points. Both curves exhibited multiple peaks during the welding process as the

different weld passes were made and a near-instantaneous spike in temperature occurred

upon dipping. The one-hour cooldown periods postwelding and postgalvanizing were suf-

ficient to return the beam nearly to room temperature (20°C).

Stress Response of the Control Model

Fig. 11 presents the von Mises stress field for times t1–t11. Weld-induced stresses at times

t1–t3, during welding and cooldown after welding, were very large at areas around the

deposited welds, particularly along the crack path and the beam cope. These stresses ex-

ceeded the yield strength at room temperature (345 MPa) and greatly exceeded the yield

strength at higher temperatures.

The stress pattern at t4 shows the residual stresses induced by the welding process.

These welding residual stresses dramatically changed when the beam detail was subjected

to the galvanizing process, especially during the dipping stage. During this time, the beam

distorted as the bottom portion expanded while it was submerged in the molten zinc and

the top portion was still exposed to air [44]. This uneven expansion created a bending

deformation in the beam section, as shown in times t5−t7. There were different thermal

gradients between the elements above and below the level of the simulated liquid surface,

which generated high local stresses in the longitudinal direction on elements above the

surface. At times at t5−t7, large stresses of 320–360 MPa appeared in the vicinity of

the physical crack path, at midbeam, and at the beam cope. During the dwell time,

the difference between thermal gradients in the beam decreased, which reduced distortion

and relieved stresses throughout the beam assembly. At t8 and t9, stresses were redistrib-

uted and reduced to magnitudes less than 200 MPa in most parts of the beam. At the

beginning of the postgalvanizing cooldown, stresses again increased because of the differ-

ential cooling rate between the beam and the connection detail. Finally, stresses
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approached steady-state at time t11 when temperature in the beam had decreased to near

room temperature.

Although cracking was not observed at the beam cope in the physical beam sample,

model results showed that this area sustained high stress demands multiple times during

the processes. Cope cracking in structural steel after galvanizing has been reported in

literature since the 1990s, with cracks found at flame-cut copes, extending radially at

45° [43]. A research project was conducted by researchers at CANMET Materials

Technology Laboratory (Hamilton, Ontario, Canada) to address this problem, concluding

that the cause of cope cracking was the combination of stress demands and a susceptible

material [45]. While material susceptibility is not part of the scope of the present study,

this modeling effort has shown that stress demands are high at the cope area during the

FIG. 9 Temperature field (°C) and deformed shape of the control model (amplified 50×) at discrete points of time throughout the

welding and galvanizing processes, as defined in Fig. 5 and Fig. 6.

176 NGUYEN ET AL. ON MODELING OF WELDED & GALV. STEEL

Materials Performance and Characterization

 

Copyright by ASTM Int'l (all rights reserved); Wed Dec  4 09:43:32 EST 2019
Downloaded/printed by
Kansas University (Kansas University) pursuant to License Agreement. No further reproductions authorized.



FIG. 11 Von Mises stress (MPa) in the control model throughout the welding and galvanizing processes, at times defined in Fig. 5 and

Fig. 6.

FIG. 10 Temperature history at Point A (at crack opening) and Point B (at beam cope).
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dipping process. ASTMA143, Standard Practice for Safeguarding Against Embrittlement of

Hot-Dip Galvanized Structural Steel Products and Procedure for Detecting Embrittlement

[46], specifies a minimum cope radius of 25 mm, so the cope radius of 10 mm used in this

study is smaller than permitted by this specification. The effect of cope radius on stress

demand is a topic for future research.

The stress history is presented in Fig. 12 for Points A and B on the beam. Both Points A

and B were subjected to loading and unloading cycles throughout the welding and galva-

nizing processes. As is evident from Fig. 12a, stresses at Point A and Point B fluctuated

dramatically during welding and dipping, repeatedly exceeding the yield strength. While

Point A sustained only one large spike in stress during dipping, Point B sustained three

spikes in the beam cope, as shown in Fig. 12c. The spike in stresses at Point A was caused

by the combination of global bending and local distortion when the area surrounding Point

A was submerged into the zinc bath. This effect also created the first spike at Point B. The

FIG. 12 Von Mises stress history at Point A (at crack opening area) and Point B (beam cope area), as defined in Fig. 10: (a) whole

processes, (b) detailed view during welding, and (c) detailed view during dipping.
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second spike at Point B occurred when the simulated liquid surface reached the level of the

beam cope, producing localized distortion. The third spike at Point B developed after the

beam was completely submerged, and constraint produced severe tension in the cope.

Stresses along path A-A’ (Fig. 10) were found to be very high during welding (t1−t4)
and in the early stages of galvanizing (t5) around the yield strength of the material

(345 MPa). After the simulated liquid zinc surface surpassed the level of path A-A’ (at

time t5), stresses decreased dramatically to magnitudes varying from 50–150 MPa along

the path for times t8 and t9. Finally, stresses on the path increased slightly again during

postgalvanizing cooldown (t10 and t11), varying between 75–225 MPa.

The phenomenon of decreasing stresses during hot-dip galvanizing has been men-

tioned many times in the literature. Minami and Horikawa [47,48] and Mori, Minami, and

Horikawa [49] stated that hot-dip galvanizing reduces stresses because of an annealing

effect and the transmission of stresses from the weld toe area to the newly formed zinc

layer. In addition, in ASTM A143 [46] it is stated that “As the sheet or plate is heated to

galvanizing temperature, 820°F to 850°F (438°C to 454°C), the stress can be slightly re-

lieved but the constraint of the framing does not allow the stresses to be completely re-

lieved.” Such statements do not readily acknowledge that a structural component could be

subjected to a significant stress-increasing state before reaching a stress-relieving state,

which may be extremely influential in the development of cracking during galvanizing.

Strain Response of the Control Model

Stresses near the connection detail exceeded the yield strength of the material multiple

times because of the loading and unloading cycles experienced during welding and gal-

vanizing processes. Because of this loading and unloading process, plastic deformations

were significant.

Fig. 13 presents the PEEQ field for times t1–t11. At times t1–t3, the welding process

induced PEEQs on the base metal at locations around the welds. After the first round of

welds on Side A (Welds 1, 2, and 3 in Fig. 5), the maximum PEEQ value was 12.6 % and

increased to 13.1 % after finishing the weld at the beam end (Weld 7 in Fig. 5). At this

point, the location of maximum PEEQ value moved from the lower right corner to the

lower left corner of the angle on Side A.

When the beam was dipped into the galvanizing bath, the PEEQ field developed over

a wider influence area, and the maximum value increased to 14.1 %, as shown at t5–t7. The

spread of the strain field was prominent at the area of the beam cope and the crack path

A-A’. Although the maximum value increased, the magnitude of the increase did not re-

flect the overall change of PEEQ during the hot-dip galvanizing process. From dwelling to

postgalvanizing cooldown, the change in PEEQ was small, as shown at t8–t11. In general,

the hot-dip galvanizing process produced smaller plastic strains on the beam than the

welding process, although the additional plastic strains could still play an important role

regarding the critical condition of the as-welded detail.

Strain behavior can also be observed in Fig. 14, which depicts the PEEQ history at

Points A and B. Note that Point A is at a distance of 1.1 mm from the point where the

maximum value of PEEQ occurs in the crack opening area, while Point B is at the point

with maximum PEEQ at the cope (Fig. 15). The majority of the increase in PEEQ can be

attributed to the cooling stages after nearby weld passes. For example, PEEQ at Point A

increased significantly during cooling after Welds 3, 6, and 7 were placed. The detail also

experienced a large increase in PEEQ during the dipping stage. PEEQ magnitudes at Point

A were approximately 50 % higher than at Point B. When PEEQs were examined along the
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crack path, it was found that the region surrounding Point A (the region in the physical

beam sample that cracked) experienced the largest PEEQ values.

Relationship between Stress and Strain Fields and Location of the

Observed Crack

From these results, it is concluded that the combined welding and galvanizing processes

generated high strain demands at multiple locations near the connection, including at the

FIG. 13 Evolution of PEEQ in the control model at points of time throughout the welding and galvanizing processes defined in Fig. 5
and Fig. 6.
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crack path. In fact, the area containing the maximum PEEQ (14.2 %) was coincident with

the opening region of the actual crack path, as shown in Fig. 13 and Fig. 15. While the

simulations indicate that this is an important factor, it is not conclusive that high strains

were the single most important factor contributing to the initiation and development of

the observed crack, and it is readily acknowledged that there are many other factors that

could have played a role in the initiation of the crack.

Research conducted by Rudd et al. [8] has shown that strain resistance depends sig-

nificantly on the chemical composition of the zinc bath, and PEEQ strain resistance could

vary as much as from 5 to 30 %. Among additives, tin was believed to have had the greatest

negative influence on the ability of steel material to strain.

FIG. 15

PEEQ from the control model at

time t9.

FIG. 14 PEEQ history at Point A (at crack opening area) and Point B (beam cope area), as defined in Fig. 10.
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There are also another three factors that could contribute to the occurrence of the

observed crack. The first factor is possible increased hardness at the heat-affected zone

[50,51], which would be expected to reduce the material resistance to failure. The second

factor is the effect of rolling, which introduces additional residual stresses and strains and

potentially poor mechanical properties at the k-zone [52–54] because of cold-working and

associated hardening. The third factor is the possible presence of welding defects, which

can accelerate crack formation [50,55].

Influence of the Welding Simulation on the Model Response

To examine the effect of neglecting the welding process on the simulation results, a model

was created that was identical to the control model, except that the welding procedures

were omitted. The angles and weld elements were attached to the steel beam as one part,

and the model was subjected to the galvanizing process. A comparison between the control

model and the identical model that did not include welding is shown in Fig. 16 and Fig. 17.

The difference in calculated stress and strain between the two approaches is quite

striking. In the case for which the welding process was neglected, stresses at the end

of the galvanizing sequence were not strongly affected, but PEEQ magnitudes were

FIG. 16 (a) Von Mises stress history across the galvanizing process predicted by finite element simulations with and without welding

procedure, (b) von Mises stresses at t4 (without explicit weld modeling), (c) von Mises stresses at t4 (with explicit weld

modeling), (d) von Mises stresses at t11 (without explicit weld modeling), and (e) von Mises stresses at t11 (with explicit weld

modeling).
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severely underestimated. This is an important consideration because PEEQ appears to

have provided a better prediction of the observed crack path than stress in this case.

RESULTS OF THE PARAMETRIC STUDY

Effect of Welding Sequence

Fig. 18 presents PEEQ for the models in which the welding sequence was varied. Times t4
and t9 show behavior immediately before and after galvanizing, respectively. Reversing

the direction of Weld 7 at the beam end helped to somewhat reduce the maximum value

of PEEQ, from 14.2 to 13.5 %, while welding sequences 3 and 4 resulted in further re-

duction in PEEQ to 13.0 %. It is also interesting to note that welding sequences 3 and 4

relocated the critical point from the observed crack opening area to the beam cope area.

In general, high strains developed near regions of weld termination. Therefore, it is rec-

ommended to avoid weld termination in sensitive areas. Among the sequences studied,

welding sequences 3 and 4 provided the most favorable results. It can be expected that

a different dipping orientation would yield different results, so it is simply noted that

welding sequence did have a significant effect on the magnitudes of strain at sensitive

locations.

FIG. 17 (a) Comparison of PEEQ history across the galvanizing process predicted by finite element simulations with and without

welding procedure, (b) PEEQ at t4 (without explicit weld modeling), (c) PEEQ at t4 (with explicit weld modeling), (d) PEEQ at

t11 (without explicit weld modeling), and (e) PEEQ at t11 (with explicit weld modeling).
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FIG. 18 Distribution of PEEQ before and after galvanizing when changing welding sequence: (a) Sequence 1 (control model),

(b) Sequence 2, (c) Sequence 3, and (d) Sequence 4.

FIG. 19 Effect of heat input on PEEQ history at Point A.
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It is further noted that inelastic strains accumulated with the introduction of each

new weld pass into the connection. Thus, it is recommended to minimize the number

of welds to the greatest extent possible when using welded connections that will be

galvanized.

Effect of Welding Heat Input

It was found that greater levels of heat input corresponded with greater maxima of PEEQ,

although the relationship was not linearly proportional, as shown in Fig. 19. It is also

interesting to note that the increase in welding heat input did not change the location

of the area experiencing the maximum value of PEEQ (Point A).

Effect of Connection Depth

Fig. 20 shows that moving the connection away from the k-zone of the beam section

helped reduce the maximum value of PEEQ. By removing the connection weld from

the k-zone, the weld was removed from the vicinity of restraint imposed by the bottom

flange as well as from the stress concentration formed by the fillet. While not a factor that

was captured in the analyses, it should be noted that removing the connection from the

k-zone also removes the weld from a region with high rolling stresses [56] and material

hardening. Using the same reasoning, removing the connection a distance from the cope

could also help to isolate the weld from deleterious interactions with hardened material

and stress concentrations.

FIG. 20

Distribution of PEEQ before and

after galvanizing when

changing welding angle depth:

(a) Depth 1(control model),

(b) Depth 2, and (c) Depth 3.
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Conclusions

The following conclusions were drawn from this study:

(1) The connection detail sustained many cycles of loading and unloading throughout
welding and galvanizing, which generated high stresses and strains, especially in
the area coinciding with the bottom weld of the connection (location of observed
cracking in the physical sample) and the beam cope.

(2) The welding process generated high strain demands at the weld toe in the area
surrounding the connection. The galvanizing process introduced additive inelastic
strains that occurred over a larger affected area. The inelastic strains induced by
galvanizing were smaller than those produced by welding, but they were significant.

(3) If the connection detail was fabricated with the welding sequence simulated in the
control model of this study (the actual welding sequence is unknown), the area at
the opening of the observed crack path would be the most critical area on the con-
nection detail in terms of the accumulation of plastic strain.

(4) To reduce the susceptibility to cracking during galvanizing of components, such as
the beam evaluated in this study, it is recommended to:
– Ensure that welds are terminated away from locations of geometric restraint or

severe stress concentrations
– Decrease welding heat input as much as possible
– Ensure that the connection is not placed close to the k-zone of the beam. In this

study, it was shown that by removing the weld from that region of restraint and
stress concentration the strains could be reduced. An additional benefit to re-
moving the connection from that area is minimizing interactions with rolling
residual stresses and hardened material.

Although the results of this study showed that the combined strains introduced by

welding and hot-dip galvanizing processes were very high in the area coinciding with the

observed crack path, the reader is cautioned against making strong conclusions regarding

the direct cause of the cracking. Cracking is believed to be dependent upon interaction

with other parameters (steel chemistry, galvanizing composition, dipping angle and speed,

etc.), which makes this an extremely complex problem. Nonetheless, by examining the

relative influence of heat input, welding sequence, and connection depth, some key ob-

servations were made that should serve to better enable engineers, fabricators, and gal-

vanizers to create welded details less susceptible to cracking during galvanizing.

Additionally, the modeling methodology used in this study has provided an approach

for explicitly accounting for the influence of welding on the behavior of steel components

during galvanizing, which was found to have a very strong influence on calculated strains.
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