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Abstract:

Welded joints, due to their manufacturing process,commonly weakened areas. This study analyses
the dynamic behavior of the Base Metal (BM) and Heat-Affected Zone (HAZ) of an HSS (High
Strength Steel) fillet welded joint. Firstly, a sffie approach has been developed to generate thé H
material using a thermal treatment. Hardness angirgsize are used to validate the replicated HAZ.
This approach appears efficient and repeatable.o8ély, the true stress-strain quasi-static and
dynamic behaviors up to failure of the BM and th&zHhave been determined. This characterization
was performed thanks to a video tracking procedared Bridgman-LeRoy correction. The
comparison between these two materials shows hieathiermal field of the welding process increases
the HAZ yield stress and hardening while decreash®ystrain at failure. It appears that the base
metal is not rate sensitive from quasi-static ul880s". On the contrary, the heat affected material
appears to be rate sensitive, but by softenings Thiexpected dynamic material softening requires
further analyses. A first Finite Element (FE) nuioakanalysis on a welded substructure submitted to
impact loading shows a strong influence of the WAZhe initiation of failure mechanisms.

Keywords: HSSfillet welded assembly / replicated HAZ / materials
dynamic behavior and failure

1 | ntroduction

Finite element modeling is currently used to motle dynamic behavior of structures
submitted to impact or blast events. It allowsaidésign armoured vehicles by evaluating the stheng
and integrity of the structure against battlefidhdeats. Welded joints, due to their manufacturing
process, are weakened areas. Since it is diffioutbrrectly model the failure of welded joints ngpi
macro-scale models in structural computations, sorseale model approach is first proposed in order
to understand the physics. This approach requoeshairacterize the mechanical properties up to
failure of the welded joint constitutive materiaBase Metal (BM), Heat-Affected Zone (HAZ) and
Weld Metal (WM). In this paper, only the BM and tRH&AZ are presented. Multi-scale approaches
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have already been successfully applied on a mildisspot-welded assembly ([1], [2]) or on an
aluminum welded joint [3]. In the present studye tlifficulty relies on the particular nature of the
fillet weld assembly in terms of geometry (largéckhess) and constitutive material (HSS armor
material). Several studies about the mechanicahgth of welded assemblies published in the open
literature cover a large field of loads: fatigué, [guasi-static [5] and low velocity loads [6]. Hewver,
finite element models of military applications degl on rapid dynamic loadings are not well
developed in the literature. Gaudreault [7] is oh¢he few to present a study dedicated to a welded
HSS joint subjected to an explosion. The weldedtjs modeled by a shell element with the HAZ
material properties. The weld geometry is not abergid so the stress concentration (and the fracture
behavior) cannot be really predictive. Few papeport the material behavior at high strain rates of
HSS used for armoured vehicles ([8], [9]). Evendeweport material behavior under tensile loads, or
present the dynamic behavior of welded assembli@sufactured using these HSS. Besides, open
literature does not cover the mechanical stren@tthe associated HAZ material. In this paper, a
specific approach is presented to replicate the H#gferial using a thermal treatment. Quasi-static
and dynamic behavior up to failure of the BM anel HAZ are characterized and analyzed. Then, as a
first attempt to verify the added value of takingahanical properties of thermally affected matsrial
into account, a FE numerical analysis on a welddostsucture submitted to impact loading is
undertaken.

2  Experimental program

The manufacturing process and tensile specimen gei@s, as well as experimental tests,
measurement facilities and analysis procedureprasented in this section.

2.1 Materials

The BM is a hot-rolled HSS that offers high stréngtuctility and good weldability. Due to
the small size of the HAZ, dumbbell tensile specimeannot be extracted directly from the welded
joint to perform quasi-static and dynamic tests. 8Agonsequence, a specific approach has been
developed to generate the HAZ material using antbktreatment. Both hardness and grain size are
controlled to validate the replicated HAZ with respto one from a welded joint. Grain size is
measured by the grain size number through theviolip relation (defined by the norm):

M=8.2%F 1)

where M is the number of grains per mm2 a@dthe grain size number on the observed sample
surface. The Vickers hardness is measured aloraflt @cross the BM, HAZ and WM. As seen in
Figure 1, the hardness between BM and HAZ incresigedicantly.

The hardness in the heat affected material is ostant along the path. The question is: how
to take the gradient of properties into account®? €hwice is to determine the extreme charactesistic
of the HAZ: on the one hand these are given byBhkand, on the other hand, by the maximum
hardness zone in the HAZ. This hardness is thesidered for the heat treatment. Furthermore, this
maximum hardness is located where the maximum ehefiion will occur under dynamic loads due to
high geometrical stress concentration. The aimhsf heat treatment is not to re-create the real and
complex thermal cycle induced by the welding precg®. by using a Gleeble® thermomechanical
simulator), but only to obtain specimens with mextal properties close to those of a HAZ obtained
by welding.
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Figurel: a) Hardness specimen; b) Hardness measuremer BMhand HAZ materials.

The heat treatment is detailed below. The sampbaiisn a preheat furnace. The temperature
is increased to a specific temperature (austetdtigperature T¢) and remains constant for several
minutes. The sample is then tempered to fix therasteucture. To adjust the final hardness of the
sample a low temperature stress-relieving treatisgoeérformed. A preliminary study was carried out
to adjust the temperaturdd) to obtain the correct austenite grain size in riegterial before the
tempering (Figure 2-a). The first temperature tést@s too low to completely remove ferrite and
pearlite in the material. As the austenitic tempegarises, the hardness and the grain size number
decrease. The HAZ microstructure and the hardrressrally validated by comparison with the HAZ
obtained in the welded joint (Figure 2).
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Figure2: a) Description of the optimized heat treatmentCbjmparison of welded and replicated HAZ
microstructure.
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To avoid excessive distortions of the specimen,ttiiemal cycle is applied on the rough
sample, and then the final geometry is machineé. fidat treatment process is applied to 5 samples
per batch: 4 samples will be machined at the tersplecimen geometry; the last one is the batch
control specimen. This one is cut in the middlemake hardness measurements on the position
corresponding to the gage cross section (Figures3)atches of 5 samples are made. Hardness
measurements remain constant for all batchesthass2% of dispersion is measured.

» Rough Sample

N
Figure 3: Rough sample.

Hardness control

2.2 Specimen geometries

Quasi-static and dynamic tests have been perfomnesmooth axisymmetric specimens at
room temperature. As shown in Figure 4, specimeitis aifferent gage lengths and diameters are
required to cover a large range of strain ratesfquasi-static to 1350s The quasi-static geometry
complies with the standards (Figure 4-a). Differdphamic geometries are considered in order to
compare BM and HAZ properties at the same straia. r&age diameters have been adapted to
perform dynamic tests at the same pre-loading forca pre-stretched tension bar. The strain raites a
measured in the gage length of the sample duriagtipity before necking and after the wave
stabilization. All the tests were performed 3 tinfh@squasi-static tests and 5 times for dynamitstes

1
= =3
! 25
| a) BM-QS & HAZ-QS _
==t 8 i
b) BM-1 d) HAZ-1
c) BM-2 e) HAZ-2

Figure 4 : Geometries of specimens for tensile tests: a) egtaic for BM and HAZ; b) c) dynamic for BM;
d) e) dynamic for HAZ.

2.3 Pre-stretched tension bar

This experimental program, based on dynamic loadiag carried out using the Hopkinson
bar technique. As the high ductility propertiestbé base material and heat affected zones are
observed under quasi static conditions, a hightouraime is required. For that, as shown by Figure
5, a pre-stretched bar device, based on the ofigmacept proposed by Albertini [10], is used to
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determine the set of flow curves for moderate straies up to failure. Both bars have a common
diameter of 11 mm and the specimen is inserteddmtypositions D and E. The pre-loading force F -
stabilized between A and B - is provided by twogjstatic loads applied on the input bar (Figure 5)

5552 6976

F < 3793 3 566
< A H —
> % =
s950 A C D E G
i

7512

Figure5: Sketch of the pre-stretched tension bar — Dimessiomm.

This ensures the storage of elastic energy whicbiigptly released when the brittle fracture
of the fuse occurs at position B. The elastic warapagates with a constant duration time depending
on the length of the pre-stretched part (AB) altrgginput bar and loads the specimen up to failire.
set of three full strain bridges (HBM LY 41 330 1.5mm in length) is strategically positionedrajo
the experimental set-up to detect the elastic veggéem using a high speed recorder (Yokogawa DL
750 - 4 channels). The data are finally recordecbtapute the stress/strain curves [11]. Here, iposit
B is chosen so that the reflected wave cannot perguposed with the incident wave at the position
of the strain gage bonded at C. The strain rateevisl modified by varying the pre-loading forcefF o
the pre-stretched device.

2.4 Specimen contour evolution by video tracking

Based on previously published works ([12], [13])nathodology has been set up to measure
the specimen contour evolution after necking taiobthe true stress-strain curve of the material. A
CMOS high speed camera (Photron APX RS 3000) ieadd record the contour evolution of the
specimen during the test. As sharp edges betweebabkground and the specimen are needed, a
flashlight is placed behind the specimen so asdialight its shadow.

Then, the elongation and reduction of the specioaenbe quantified using a Matlab® routine.
Figure 6 provides details on the optical measuréndenice and the image analysis process. The
speed of the camera is set to 75000 and 9000@fsndling on the range of strain rates so as ta@nsu
over 20 images during the test.

Measurement of the reduction in diameter, in paldicthe smallest diameter after necking, is
obtained by a tracking algorithm with a filter dretcontrast gradient. The minimum diameter is the
minimum distance between the two filtered edgethefspecimen. The first image, just before the test
starts, is used to calibrate the original gage ditamof the specimen (in pixels) (Figure 6-b&d)eTh
final diameter measured by video tracking (lastraiter at fracture initiation) is compared to thstpo
mortem diameter to validate the digital calibratidie true stress-strain curve is obtained usieg th
following relations:

Eirue :2|n(Do)_2|n(D) ()
whereDy is the initial gage diameter aidis the minimum diameter in the necked area.

_4F

o 2z~ 71D2

true

=0

3)

whereF is the force measured during the test.
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Figure6: a) Optical measurement device; b) c) Initial imagethe start of test and during test; d) e) Images
after filtering procedure.

The high speed camera is limited to an image résalwf 64x250 pixels on the specimen
gage section. This low resolution and the limitesnber of recorded images (about 20) lead to an
error of approximately 0.05mm on the measured diem@&herefore, after the onset of necking, an
error of about 50MPa on the true stress and 0.GBeirue strain is estimated.

2.5 Bridgman-LeRoy correction

The true stress-true strain diagram cannot be ctedpbeyond necking, unless the effects of
necking on the geometry of the tensile specimentlamdtress state are accurately quantified. Ngckin
produces a triaxial stress state that does notatethe true uniaxial flow stress of the material.
Therefore, the true uniaxial stregs)( must be multiplied by a correction factor to eatrthe effect of
the triaxial stresses and obtain the equivalemsstg.,). Necking effects are easily quantified for
specimens with circular cross-sections using thdgBman correction approach. In the center of the
sample the triaxiality stress ratio is calculatgdhe relation:

_1 a
o = 3+In(1+ sz (%)

wherea is the current radius of the neck aRds the radius of curvature of the neck surfacéhim
longitudinal plane at the minimum section. The Brichn and LeRoy correction ([14], [15]) is defined
by:

o = 9,

) (1+ 2R)In(1+ aj ()
a 2R

LeRoy [15] found that the neck geometry could bdcudated with the following
approximation and gives good results for steel with.1:

%:K(e_p—gu)fore_p>eu (6)
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3  Experimental results

In the first part of this section, the BM and HAZamhanical behaviors are compared using
their true stress-strain behavior laws. The straie-dependency of each material is investigateédan
second part. Those true stress-strain behavior aevsbtained up to failure by using the specimen
contour evolution by video tracking associated wlig Bridgman-LeRoy correction.

3.1 Quas-static BM and HAZ testsresults

The quasi-static true stress-strain behaviors @h Imaterials are presented in Figure 7. The
specimen geometries are referred as BM-1, HAZ-Q8 BwZ-1 (Figure 4). Except for the
experimental scatter at failure, the true stressrsbehavior related to the HAZ with the two diffat
specimen geometries are similar (curves HAZ-1 & HBZ in Figure 7). The Bridgman-LeRoy
correction allows us to determine the local matdsshavior. The microstructure of the MB is a
martensitic lath structure which provides ductibityd toughness. The heat treatment has created a ne
martensitic structure with a smaller grain size ham So, the yield stress and ultimate tensilesstre
have increased on the HAZ material but strain garla has decreased. In fact, the applied thermal
cycle is known to act as a heat treatment whichdvas the material.

True stress(Mpa)

—— HAZ-Q5 - mean curve - Quasi-static
= = HAZ-1- mean curve - Quasi-static
------ HAZ (related to hardness)

= + BM-1 - Mean curve - Quasi-static

Plastic strain

Figure7: BM and HAZ quasi-static true stress-strain curves.

An alternative way, based on an engineering appration, allows us to calibrate the HAZ
behavior law by scaling with a constant factor, B behavior law related to the hardness of HAZ
material. The obtained HAZ behavior is quite claséhe real measured HAZ behavior (Figure 7).

3.2 BM strain rate dependency

In this section, the BM true stress-strain behaig@nalyzed for strain rates from the quasi-static
range up to 1300s(Figure 8). The specimen geometries are refereaseBM-1 and BM-2 which
only differ by the gage length (Figure 4). Only teeperimental scatter at 30Dsvith the BM-1
specimen geometry is presented here. To comparamihect of the specimen geometry, additional
tests at 3005 (and 3508) for both BM specimen geometries (BM-1 and BM-2¢ @erformed.
During tests at 350son the BM-2 specimen geometry, a problem withwigeo occurred, only the
pre-necking behavior law and the stress-straintptifiailure, calculated post-mortem, are presented
We observe that the BM-2 hardening law is containetthe BM-1 experimental scatter at 3804l
mean curves, from quasi-static up to 13f@se contained in the BM-1 experimental scatt&0as",
so the BM hardening is not strain rate sensitive.
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e =+ =BM-1- Mean curve - Quasi-static
——BM-1 - Mean curve - 100s-1

—— BM-1- Mean curve - 300s-1

== BM-2 - Mean Curve -3505-1
esffie= BM-2 - Mean Curve -350s-1 - Fracture Point
——BM-2 - Mean curve - 1300s-1

True stress (Mpa)

BM-1 - Mean curve + Standard deviation - 300s-1
BM-1 - Mean curve - Standard deviation - 300s-1

Plastic strain

Figure8: BM — True stress-strain curve — Strain rate depecyle

Thanks to the specimen contour tracking and thdgBnan-LeRoy correction, we can conclude
that the geometry effects after necking do not séermpact the BM material behavior or it is
drowned in the experimental scatter. Regardingstresin at failure, a reverse engineering approach,
based on the engineering stress and strain beHawserup to failure, is however needed to iderdify
geometry insensitive failure criterion. Triaxialifgctor for quasi-static and dynamic tests (with th
different geometries) are in the order of 0.8 dufa in the center of the specimen.

3.3 HAZ strain rate dependency

In this last part, the HAZ behavior is studied #fedent strain rates from quasi-static up to
13508". The specimen geometries are referenced by HARdL HAZ-2 (Figure 4). To study and
validate the repeatability of the applied thermatdle, two sets of 4 samples are tested with theesam
strain rate (1505. One set shows more scatter (a relative differesfc7% on the strain at failure)
against 1% for the other. Nevertheless, the both ivean curves are included in the experimental
scatter of the other one (Figure 9). It can be kmted that thermal cycle is a repeatable operation.

=+ —HAZ1- Setl - Mean Curve - 150s-1
-------- HAZ-1 - Set1 - Mean Curve+Standard deviation - 150s-1
———————— HAZ-1 - Set1 - Mean Curve-Standard deviation - 150s-1
——HAZ-1- Set1 - Specimen2
———HAZ-1- Set1 - Specimen3
HAZ-1 - Set1 - Specimend
— - —HAZ-1 - Set2 - Mean Curve - 150s-1
HAZ-1 - Set2 - Mean Curve+Standard deviation - 150s-1
HAZ-1 - Set2 - Mean Curve-Standard deviation - 150s-1
———HAZ-1- Set2 - Specimen1
——HAZ-1- Set2 - Specimen2
———HAZ-1- Set2 - Specimen3
——HAZ-1 - Set2 - Specimend

TrueStress (Mpa)

True Strain

Figure9: HAZ — True stress-strain curve — Experimental scatt

Firstly, Figure 10 shows a softening between gatie and dynamic tests results, both on yield
stress and stress at failure. Secondly, for dynaesits, the strain rate dependency between150g
1350¢' is not explicit. Indeed, with the HAZ-1 geomettiyere is a softening with the increase of the
strain rate (1505and 5808). Tests performed with the HAZ-2 geometry at 1356kows a slight
hardening by comparison to HAZ-1 dynamic testslteskxperimental scatters could not explain this
gap. Stress triaxiality factor are quite similatvibeen all those tests.
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= + HAZ-1- Mean curve - Quasi-static

------ HAZ-1 - Mean curve + Standard Deviation - Quasi-static

------ HAZ-1 - Mean curve - Standard Deviation - Quasi-static

True stress (Mpa)

e HAZ-1 - mean curve - 150s-1
HAZ-1 - mean curve - 580s-1
s HAZ-2 - mean curve - 1350s-1
»»»»»» HAZ-1 - mean curve + standard deviation - 150s-1
------ HAZ-1 - mean curve - standard deviation - 150s-1

Plastic strain

Figure 10 : HAZ — True stress-strain curve — Strain rate depeayl.

At this time we are not able to explain those umexed results. Regarding the softening, the
microstructure and the chemical composition geedraly the heat treatment will be deeply analyzed
across the tested specimens. Nevertheless, hantheessirements, across a longitudinal section in the
post-mortem sample, show a relatively constanteraRegarding potential geometry effects, quasi-
static and dynamic (580p tests with the HAZ-2 specimen geometry will be & quantify if
geometrical effects impact the HAZ true stresshstrarve.

4. Modeling of a welded joint dynamic test

As a first attempt to verify the added value ofitgkmechanical properties of thermally affected
materials into account, a FE numerical analysis-O§itsa) on a T-shape welded substructure
submitted to a lateral impact loading is undertakek cross-sectional view provides the detailed
geometry of the welded joint (Figure 11). The pasters of a Johnson-Cook behavior law were
identified on the basis of previous experimentauhs for the MB and HAZ materials, also for the
Weld Metal (not presented here). In order to hgftlithe effect of the HAZ behavior on the welded
joint behavior, we performed two simulations:

» One considering the HAZ material equal to the BNodel 1);
* One with the HAZ behavior, we determined in thipgra(model 2).

i) N

a) b)
Figure 11 : a) Experimental schematic drawing; b) T-shape weldéut modeling.

Global Force-Displacement results are quite simdarthe modification introduced by the
welding process is quite local. On the contrargalequivalent plastic strains fields show differest
» Model 1 (Figure 12-a) leads to a strong plastigistiocalization in the WM,;
» Model 2 (Figure 12-b) shows a higher plastic stedithe BM/HAZ interface.
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This plastic strain localization will lead to difnt fracture modes that are then compared with
experimental results. This comparison will be pnése in a further paper.

a)
Figure 12 : Welded joint dynamic test — equivalent plasticistra
a) Without HAZ properties; b) With HAZ properties.

5. Conclusions and prospects

This paper presents the evolution of the behawbtwbeen BM and HAZ materials of a HSS fillet
welded joint assembly from quasi-static to dynaloadings. Firstly, a specific approach is developed
to generate the HAZ material using a thermal treatmHardness and grain size are used to validate
the replicated HAZ material. This approach appeéisient and repeatable. To cover a large range of
strain rates, different specimen geometries areletkeA direct method, using video tracking of the
specimen geometry and Bridgman-LeRoy correctionsisd to identify the true stress-strain curve.
Secondly, quasi-static and dynamic behaviors frdvh &d HAZ are compared. The thermal cycle
affects significantly the material behavior. Indeed the HAZ the hardening is increased whereas
strain at failure is decreased. Regarding therstiate effects, it appears that the BM is inseresiti
while the HAZ presents a softening between quadiestand dynamic tests. Further analyses are
needed on HAZ sample (chemical composition and ostoucture) to understand this dynamic
material softening. A first FE numerical analysfsdgnamic impact test on a T-shape welded joint
shows the strong influence of the HAZ material prbies on the plastic strain localization and
consequently on the fracture mode of the assembly.

References

[1] E. Markiewicz, P. Ducrocq, P. Drazetic, G. Haug T. Fourmentraux, J.Y. Berard, Material
behavior law identification for the various zondghe spot-weld under quasi-static loadings, IntfJ
Materials and Product Technology 16 (2001) 484-509.

[2] B. Langrand, E. Markiewicz, Strain-rate depemziein spot welds: Non-linear behavior and failure
in pure and combined modes I/11, Int. J. of Impngineering 37 (2010) 792-805 .

[3] T. Wang, Modelling of welded thin-walled alunim structures, Ph.D. thesis, NTNU, 2006.

[4] F. Labesse-Jied, B. Lebrun, E. Petitpas, J.bbd®t, Multiaxial fatigue assessment of welded
structures by local approach, Proceedings of thérit Conference on Biaxial/Multiaxial Fatigue and
Fracture., Lisbon, 2001, Editor: M. De Freitas, p-89.



22™Congrés Francais de Mécanique Lyon, 24 au 28 Ao(t 2015

[5] T.K. Chan, R.F.D Porter Goff, Welded aluminiuaioy connections: test results and BS8118,
Thin-Walled Structures 36 (2000) 265-287.

[6] H.G. Hildrum, Stiffened aluminium plates sulbjjett to impact loading, Ph.D. thesis, NTNU, 2002.
[7] P. Gaudreault, A. Bouamoul, R. Durocher, B.J8&n, Finite element modeling of light armoured
vehicle welds heat affected zone subjected toaftieular blast landmine loading, a summary of the
numerical model and field experiment, Proceedingshe 22nd Int. Symposium on Ballistics,
Vancouver, BC, Canada, 2005.

[8] B. Gailly, Etude du comportement dynamique etld rupture de trois aciers a blindage, Ph.D.
thesis, Mines de Paris, 1996.

[9] P. Chevrier, Mécanique et mésomécanique deaillége essais expérimentaux et criteres de
rupture. Etude d'un alliage d’aluminium et d’'unexca blindage, Ph.D. thesis, Université de Metz,
1998.

[10] C. Albertini, M. Montagnani, Testing techniubased on the split Hopkinson bar, Mechanical
Properties at High Strain Rates 21 (1974) 22-32.

[11] H. Kolsky, Stress waves in solids, Dover Pedgions Inc., New York, 1963.

[12] O.S. Hopperstad, T. Borvik, M. Langseth, K.bitzes, C. Albertini, On the influence of stress
triaxiality and strain rate on the behavior of eustural steel. Part I. Experiments, Eur. J. of Nec
A/Solids 22 (2003) 1-13.

[13] T. Borvik, O.S. Hopperstad, T. Berstad, Onitifeuence of stress triaxiality and strain ratetba
behavior of a structural steel. Part Il. Numeritaidy, Eur. J. of Mech. A/Solids, 22 (2003)15-32.

[14] P.W. Bridgman, Studies in Large Plastic Flavd &racture, McGraw-Hill, 1952.

[15] G. Le Roy, J.D. Embury, G. Edward, M. F. Ashldy model of ductile fracture based on the
nucleation and growth of voids, Acta Metall., 2981) 1509-1522.



