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Graphical Abstract: Anisotropic dependence of fracture resistance tf owtal transfer wire + arc

additive manufactured (CMT-WAAM) structural steeneponents of high strength low alloy (HSLA) steel.
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Abstract: The uncertainty surrounding the fracture behavaf @ MT-WAAM deposited steel, in terms of

crack tip condition (J and CTOD) needed to cauaelctip extension, has made this manufacturingriecies
unpopular to date. Fracture toughness parametersacial in the structural integrity assessment of
components and structures in various industrieagsessing the suitability of a manufacturing pse@nd
material. In the offshore wind industry, the EN-GU®-18-LT ductile cast grade for the mainframe hod
has lower fracture toughness resistance for its kigength grade. Its high weight level affectsHigen
frequency of the tower and imposes high instaltatost incurred from heavy lifting equipment usé&geor
fracture toughness is currently a challenge fordwinmbine manufacturers owing to the quest foreamér and

cheaper energy in the offshore wind sector. Inghisly, CMT-WAAM is used in depositing steel compots
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with an oscillatory and single pass depositiontsgg The effects are shown of how the microstmattu
variation, as a result of layer by layer depositimal the layer band spacing, affects the fracesistance in the
build and welding direction. The fracture mecharind failure mode of the WAAM deposited parts are
investigated. The microstructural variation, agasra result of the layer by layer deposition ardalyer band
spacing, are the key parameters that control #eture toughness of WAAM steel. Anisotropic behavin

the J, values is discovered in both fracture orientatiditee constructive transformation mechanism of the
WAAM oscillatory process made way for intragranutaicleation of acicular ferrite on the Ti contaimin
inclusion, thereby improving the toughness of ti&S-6 deposit with a unique microstructure gpdalue

of 64K] /m? .

Keywor ds: High strength low alloy steel (HSLA); CMT wire +cadditive manufacturing (CMT-WAAM);

J;c fracture toughness; layer band spacing; microtratvariation.

1. Introduction

The pursuit for cleaner energy generation and #st availability of wind energy offshore has caltedthe
need to improve the structural materials currebndiing used and the manufacturing process [1]. Wowler is
currently the world’s fastest growing source ofrglye Owing to the current trend for the quest femewable
wind energy by the UK government, a target wagae¥ision 2020 [2]. A typical wind turbine is comiped of
10-25 tons of ductile grade EN-GJS-400-18-LT. Tchistile cast grade is used for casting the rotalp, dnd
mainframe before machining [3,4]. The key issuénilite casting process is the endangering of the@maent
by its high carbon footprint coupled with its higbst involvement. The second key issues are assdaiath
the material's response; high strength ductile gessles respond poorly to fracture resistancegditian to
their high weight level, which affects the Eigeaduency of the turbine. This is likely to limit &pplication in
larger wind turbines as more exploration of wintsbére is imminent. In order to build larger arghtier wind
turbines to be used in deep waters, lighter mdsawiah enhanced fracture toughness and strengibepties

will be needed.

The use of modern high strength low alloy (HSLASedtfor the wind industry will allow for the redimh in

weight and cost of some specially made compon&ptd he cost saving from installation and reduced



inspection times as a result of damage toleranderiab(HSLA steels) usage is enormous. HSLA steetso-
alloyed with Ti, V, Nb and Al, in addition to thew carbon content, increase strength and toughhessgh
the various steel strengthening mechanisms [6]leGilements such as Mo and Cr are useful in promoti
bainite formation while Mn and Ni increase the arability of the weld metal by helping in the fotioa of
more acicular ferrite, and Ni on its own helpsatic solution strengthening. The volume fractioraofy of this
microstructure, i.e. acicular ferrite, granularride, polygonal ferrite, pearlite, and martendibem in the
microstructure of HSLA steel depending on the prapo of alloying element composition, and depasiti
parameters used [7,8]. In all these structuresuani ferrite is the most preferred because dfrits non-
equiaxed interlocking basket weave features anfihiésgrain size that promotes maximum resistanagdck
growth propagation and superior fracture toughpesgperties [9]. The influence of acicular ferriterhation is
felt in low carbon alloyed steel; it also has gstréngth and fracture toughness. Lower C contebainitic
steel eliminates the inter lath cementite (marten®rmation) and improves the fracture toughnadsainitic
steel [10-12], but is still inferior to the fracéutoughness of high acicular content steels [13ja$ been proven
that increased cooling rate with a high volumetfoacof Ti0, inclusion within the austenite enhances the
formation of acicular ferrite in low carbon low@yl steel deposition [14,15]. Most of the currelerf wires are
designed to benefit from this known fact about aleicferrite formation [16]. The fine carbonitrigarticles
and the martensite/austenite laths present in laciterrite give the structure the desired strergffacts

[17,18]

The use of CMT-WAAM is a reliable design optionpimduce bespoke components for the renewable energy
industry due to its cost savings advantage andydékxibility using specially tailored wires (raf@ed) with
potential for acicular ferrite formation. This tedtue is initially predominant in the aerospaceustdy but has
recently become a subject of interest in otherggneectors, such as the renewable energy indusgteyunique
WAAM process, which entails the controlled depasitand bi-directional oscillatory and single pasatsegy,

is a plus to the manufacturing technique. The WA@&plion will enable the production of larger, lighteind
turbine components using an alternative sourceatérials that are lighter and have excellent fractu
toughness properties. The microstructural featiwr&®gAAM are composed of layer bands and
microsegregation distributed along the build dimtts a result of the repeated thermal cyclingesed by the
material; these layer bands are sometimes repegsenof the layer height. The inherent low angiaiigy

boundaries resulting from the re-melting line ré&sin dendritic grain growth in the build directifi®,20]. The



dendritic structures are sites prone to microsegieg and compositional inhomogeneity, hence the no
uniformity of the mechanical properties [21]. hetTi64 WAAM deposited part, a weak microsegregaéid
the fusion boundary of each remelt layer was dispedy as a result of the solute boundary layer deee at the
solidification front. These fusion boundary segtemes reduce the stability of thiephase, thereby forming
coarse columnar grains with a strong texture #wd$ to anisotropy in properties; it was clear ftbis study
that layer bands spacing and the extent of re-ngeftom each deposited layer could be responsilée

mechanical behaviour of a WAAM component [22].

Haden et al. found no significant anisotropy in tiechanical properties of ER70S-6 deposited withAMA
although the part thickness was 6.53 mm [23]. Rpar$ et al. revealed that the microstructural featu
obtained with WAAM deposited HSLA steel were fegribainite, and M-A, with uniform mechanical
properties and texture in both longitudinal andnmalrdirections, although the part deposited thiskngas
between 8.2 - 9.4 mm [24], The results were simtdahose of Haden et al. Rodrigues et al. sipgks wall
was built with a low heat input. However, this naistructural uniformity might not be the case wheghtheat
input and high thickness with a different deposititrategy are deployed. Sridharan et al. discovirat high
heat input and slow cooling rate achieved whiem £) > 30 seconds is required for building WAAM stiurets
with less anisotropy in mechanical properties [T4ley further stated that properties in the Z-dietgive a
better impact toughness strength, although thesevagdation in the thickness deposited in the X ¥

directions tested.

Linear-elastic fracture mechanics (LEFM) accordim\STM E399 is used extensively for high strength
metallic materials with many restrictions on thenimnum size of the specimen that can be tested afture
mechanics specimens with sufficiently large thicdaare required for a valid, test under small scale yielding
and plane strain conditions. This is practicallpassible with WAAM technology as a result of norifarmity

in the microstructure. The plastic zone at thekctgeis proportional to the ratio ¢K,.*|Ys?) and will only

have a negligible effect on the stress around thekcand the measurég value when the specimen dimension
a, b, B> 2.5K;*|Ys?) [26]. An alternative method is to use fhetest method in accordance with ASTM
E1820 based on elastic-plastic fracture mechaiB$ M), which gives room for the use of smaller caoip

tension C(T) specimen geometry.

Regardless of the efforts made to characterizevifee+ arc additive manufactured structural steehponents,

all current research focuses on single pass WAApbdited steel components with a thickness not ekioge



10 mm; most of the research only focuses on miarostral properties and mechanical strength, boeran
fracture toughness. Moreover, previous studied8bA steel welding do not represent the actualrttar
conditions inherent in WAAM. In this research,aktd analysis of the fracture toughness propedies
oscillated CMT-WAAM steel components was carried touunderstand how the microstructural variatasa
result of the layer band, affects the fracturestasice in the build and welding direction. Thisdstigation also

points out the fracture mechanics and failure nafdbe WAAM oscillated steel structure.

2. Materialsand methods

2.1 WAAM process description and sample preparation

The CMT-WAAM of the structures was carried out gsthe standard cold metal transfer welding process,
which is a modified gas metal arc welding processel on a controlled dip transfer mode mechanigin 2
Fronius CMT (VR 7000 CMT) power source with a wieeder and a CMT torch connected to an IRB 2400
ABB robot was used, as shown in Fig. 1 (c). Lotéblsling was done with spec shield light (80%Ar +
20%C0,) for ER70S-6 and ER120S-G and spec shield heawy-28e0,) for ER90S-B3 at a flow rate of
15L/min. The base plates used in the experimentadies structural steel plates of S275 JR (EN10QQ@th
dimensions of 250 mm x 200 mm x 15 mm. The platesevelamped by a steel jig tightened to an aluminum
base plate. The wire diameter used was 1.2 mmde&hesition was done in the PA (1G/Down hand) pasiti
from the base of the plate with the torch and \igesling in the vertical direction.3HLER ER120S-G and

ER90S-B3 with Lincoln ER70S-6, as shown in Tablevére used.

The oscillatory pass (OS) and single pass (SPegies, as shown iRig. 1 (a & b), were used to deposit layer
by layer onto the substrate with the bi-directiomalvement of the torch. A portable arc monitor wasd to
monitor the weld parameters. The following weldgraeters were recorded: current, 157 amps; voli3)8,
volts; heat input, 0.313 kJ/mm; WFS, 6.5 m/min; 0%, m/min; CTWD, 11.5 mm; and dwell time, 60 sdaw.
each successive layer deposition, a layer heigin¢inent of 3.5 and 1.7mm of the torch distance filoen
previously deposited layer was targeted for thélagary and single pass. For the oscillatory t&tgy, two

walls each were built with the wires, totalling svalls for the three different grades studied, waittimension

of 290 mm x 120 mm x 24.5 mm. One wall each wa# Bui the single pass strategy as shown in Fi@)2
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Table 1. Chemical Composition (%wt) of Wires
Alloys C Si Mn P S Cr Mo Ni \ Cu Nb Ti Al Zr
ER70S6 006 0940 1640 0013 0016 0020 0005 0.020 0.020 0.004 0.002
ER90SB3 008 058 089 0005 0002 24 099 <01 <001 <01 <001
ER120SG 010 079 177 0008 0010 035 063 227 <001 007 007 <001 <001




Fig. 2. (a) Oscillatory deposited wall geometry with C(Tachining matrix (b) tensile cut specimen (c) tensil
specimens’ machining matrix

2.2 Mechanical and microstructural characterization method

Eighteen tensile specimens (six from each gradehawn in Fig. 2 (c), were cut from both the datdry and
single pass built wall in both the build and welglitirections; all specimens were prepared followh&TM
EB8/EBM-16a. The uni-axial tensile testing was pernied with an electromechanical controlled instr60@R
machine with a load cell of 30 kN using a straite @f 1mm/min. The metallography samples were etdrh
from the as-deposited (AD) walls and prepared @&iBuehler Metaserve 250 grinder and polisher machin
before the micro-examination and Vickers hardnessrtg. The ground and polished samples were eiched
2% Nital (Ethanol and Nitric acid) to reveal thecnaistructure at various magnifications using aricapt
microscope (Meiji Japan). A scanning Electron M#&rape (SEM, FEI XL 30-SFEG) equipped with energy
dispersive spectrometry (EDS) detector was usetidoacterize the fracture toughness surfaces anceeital
composition of inclusions and carbides in the WAABposit. The Vickers hardness testing was donecat r
temperature using the Zwick/Roell hardness testiaghine. An average of 42 idents was made on tlighpd

surface along the build direction using a 300 gllata spacing of 0.5 mm.
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Fig. 3. (a) C(T) specimen dimensioned as per ASTM E1820 (® gidoved C(T) specimen geometry
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Fig. 4. J,c Fracture testing (a) across the layers (Z-diractmample) (b) along the layers (X-direction sample
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2.3 Fracture toughness char acterization method

The oscillatory build walls with a thickness of 24nm were machined, as shown in Fig. 2 (a). The C(T
specimens were cut and machined from two diffeoeientations of the deposited structure. The first
orientation was from the Z-direction (grooved nopeltpendicular to the layer band and welding dioadt as
shown in Fig. 4 (a). The groove notch was placesvindifferent locations on the second orientatigmoved
notch parallel to the layer bands and welding dio@g. In the first location, the grooved notch viadetween
two layer bands, as shown in Fig. 4 (b) and inséagond location, the grooved notch was placed etatfer
band boundary, as shown in Fig. 4 (c). Three GsfEcimens, each of dimensions 60 mm x 62.5 mmmrh6
were prepared from each grade according to the AEIBRO standard using electronic discharge maainin
(EDM), as shown in Fig. 3 (a). Fatigue pre-crackamg fracture toughness test as per J-integratwsmducted
with an instron 8801 servo-hydraulic machine witlbhad cell of 2Z00kN. An initial crack starter af{= 19mm)
was machined by EDM. The fatigue pre-cracking wasedwith a frequency of 5Hz to attain a fatigueckra
size range (total average length of the crackestadnfiguration + fatigue crack) of 0.45W - 0.7@QMing the
K- decreasing approach with the maximum stressitgin the first step limited to

Konax = (0' Ys|0"¥s)(0.0630" YsMPavm), wheres/Y's & "Y' are the material yield stresses at fatigue
pre-crack and test temperature. This was donettoduce a sharp crack tip without allowing a sigaint
plastic zone to develop ahead of the starter dipcl he pre-cracked C (T) samples were latter gig@ved to
0.2B, where B is the final thickness of the C (f@&men (20% of total thickness) on both facehefdample
along the pre-cracked path to further introducemidant plane constraint to minimize plastic zomerfation,
as shown in Fig. 3(b). All specimens had widthatttickness and net thickness of W, 50 mm; B, 6, m
andB,, , 12.8 mm, respectively. The fracture toughnesswas performed by applying sequences of loading

and partial unloading at specified intervals. Téwed and load line displacement (LLD) data were nnesbs
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using a clip gauge attached to the crack mouthefX(T) specimen. The test was performed under ¢fiirol
mode with 5-minutes holding time, followed by 20%laading at each peak load. The unloading slopbi&hw
are linear and independent of prior plastic defdimma were used to estimate the instantaneous d¢eackh at
each unloading increment using the elastic compéiaelationship. All tests were performed at room

temperature with a loading and unloading rate 50 @nm/min and an LLD increment of 0.125 mm.

2.4 Equations employed in data analysis

The fatigue pre-cracking was done as per ASTM E1826g a force value based on the faPge

2
_ 0.4 Bbo“ oy

P, = (1)

2w+ ag

The fracture toughness of ductile material canHagaxcterized using the EPFM parameter J, as peMAST

E1820. Jcan be divided into an elastic compo/\gst;. and a plastic componefiastic

J:]el +]pl (2)

Kp?(1-v?) 4 (szApz) (3)

Jo = =% Bbo
whereJ ;) is the instantaneous fracture resistance enefgy;is the instantaneous stress intensity factor
calculated from Eq. (4 & 5) below, E is the Youngdulus,v is the Poisson ratid,, is the net specimen
thickness between the side groovgsis the uncracked ligament, (W) and X, =

2+0.522, /W ( CT specimen). a, is the initial crack length and W is the specimedth. A, is the plastic area

under the load versus displacement curve, as thescim ASTM E 1820.

Ky = . () (MPaim) @)

& = 2 +%[0.886 +4.64% — 1332 (%) + 1472 (%) ~ 5.6 (a;)‘*] (-2 )

The J versuda (incremental crack growth), also known as the cliRe, was generated to find the fracture

toughness properties of the WAAM HSLA steel. A lilnog line was constructed in the J-R curve using@q



the slope of which was used for the exclusion las: offset of 0.15 mm, 0.20 mm aid,,,,,, which is the

maximum allowable crack size in fracture analysis.

oyrsto:
] = 20,,Aa Whereg,, = Ty 6) (
The fracture toughness testing was done here assmggle specimen approach where the specimemjiscted

to a sequence of loading and unloading. The insteettus crack length at each peak legdyas estimated

using Eq. 7

% = 1.000196 — 4.06319u + 11.242U% — 106.043U° + 464.335U* — 650.677U°>  (7)

Where;

v=—"1 (®)

In Eq. (8),C.(; is the load line crack opening elastic compliaanéB, is the specimen effective thickness

calculated by
B, =B—(B—By)?*B 9)

Where B is the specimen thickness

3. Reaults

3.1 Mechanical properties

The variation in ultimate tensile strength (UTSglg strength (YS) and percentage elongation (PaZE)ss the
three WAAM steel structures with the different dsjtion strategies are shown in Fig. 5. The SPeggsatwhich
was deposited with layer by layer single bead moadteel, has one unique TS and cools very fastesudt of
more heat conduction routes along the build. Hétisdemited deposited thickness, compared to thes@&egy,
which has two unique TS. Despite having the sana¢ihput, its advancement speed in the oscilladioection
(wider width) makes it retain localised heat acuolation as a result of the torch oscillating abealtion for a

longer time. This is responsible for the variatiomicrostructure and mechanical properties. Thammim

10



UTS and YS of these WAAM deposited structures aramarable to their wrought categories. The SP stiowe
higher UTS and YS with ER120S-G & ER90S-B3 depasith average values of 987 MPa and 870 MPa
respectively. ER90S-B3 UTS, YS & PCE obtained egee typical of F22 wrought steel. The ER70S-6hi
OS had higher UTS but lower YS and PCE; thigpéchl of A36 Wrought [28]. It is also worth notirtat the
mechanical behaviour of WAAM deposit is due to direction of heat flow, grain growth, layer stadakimand
thermal gradient obtained during the depositiorcess. The Cr, Mo, and Ni in this alloy compositiocreased
the hardenability, giving the high strength nondiloium phase martensite and bainite (M&B). Theesi used
for this experiment have low carbon content foriiayed weldability, as shown in Table 1. The keyuahcing
factor to the mechanical behaviour of the WAAM deips the chemistry of the wires, which gives viay
different microstructural formation as a resultloé cooling rate imposed by the WAAM OS deposition
strategyA typical comparison of the anisotropic behavioftithe OS WAAM steel deposit is shown in the
stress-strain curve presented in Fig. 6. It isrdieam the plot that the strength properties of @ strategy are

higher in the Z-direction, but ductility is betierthe X-direction.
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3.2 Hardness and microstr uctur e and variation

Fig. 7 presents the hardness variation in the WA@gdillated structure, while the microstructuraliaton
obtained is shown in Fig. 8. The average hardnetsned for the ER70S-6, ER90S-B3, and ER120S-G is
268HV, 262.3HV, and 326.56 HV, respectively. Thelpnged thermal cycle and the increased austerdia g
size are responsible for the increases in hardktyahithese materials. A similar situation hagbeeported in
[29,30]. The layer stacking and thermal cyclic egtwhich cause the hardening and softening cicadijt
layers, are responsible for the hardness variatisseen in Fig. 7; similar hardness trends wererted in the
WAAM structure built with HSLA steel and maragiatgel [20,24]. The ER120S-G microstructure, asalede
in the SP (Fig. 8 (a)), presents a majorly martenisith (ML), quasi polygonal ferrite (QPF) formed a result
of fast cooling while the OS (Fig. 8(d)) contailmgre martensitic austenite (M-A), acicular ferritd=-J and
intercritical ferrite (IF) formed as a result okthlow cooling rate due to the process. The miarosire of the
ER90S-B3 OS, as presented by Fig. 8 (e), is co#lraerthe SP (Fig. 8 (b)) with some clearly defipeidr
grain boundaries showing some grain boundary &(@&BF) decorated with finely dispersed carbidas C
+Mo,C) as a result of cooling rate and prior compositibimis is detrimental to fracture toughness, as the
structure provides a pathway for crack propagdtidh The tempered bainite lath (TBWpas formed as a result
of the successive softening and hardening of adjdagers. The microstructure presented by the ERGGP

12



(Fig.8(c)) contains majorly of polygonal ferritePand peatrlite (P), while the OS (Fig.8 (f)) isaczer with
some PF and a network of basket weave AF nucléatiedyranularly from the non-metallic inclusionesit This
basket weave feature has been reported to be eahielto crack propagation but supportive of insirea

fracture toughness [32].

The grain sizes are larger in the OS than the SRgote the heat accumulation effects in the OS civifiavours
grain growth. In both deposition strategies, theyia the increasing order (ER120S-G, ER90S-B3 & ER
6). According to the Hall Petch equation relatinglg strength and hardness to grain sizgss g, + Kd=1/?
and H = H, + K'd™*/?, whereo,, , H & d are the yield strength, hardness and grain sjzé{,, K & K* are
constants independent of grain size. A larger gs&ie will decrease the mechanical barrier to lzgemplete
martensitic transformation; hence, the reductiografn size leads to an increase in hardness a@hdl strength
(fine grain strengthening mechanism). The carbidming elements such as Cr & Mo in the originalrofstry
result in secondary hardening, which in alliancthwie refined dispersion of carbides benefitsttlugihness.
In the case of ER90S-B3, The heat accumulatiohéroscillatory strategy lead to the formation odirse
carbides arranged in large lumps, which lower thettire toughness in the re-melt zone. The pretgst
further dissolved back into solid solution with sl@auniform distributed carbides &o0,C in the tempered
region, thus creating the recrystallised, refirmd and homogeneous microstructure which aids migtrength

and fracture toughness as possessed by the refige z
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Fig. 8. Optical micrographs of single pass depositionER120S-G (b) ER90S-B3 (c) ER70S-6, Oscillatory
pass deposition with SEM image in picture (d) ER3-Z8 (e) ER90S-B3 (f) ER70S-6

3.3 Fracturetoughnessvariation ( J;c)

Fig. 9 presents the loading and unloading LLD afdrésistance curve based on J-integral. Fig. &6gmts the
typical J;¢ plot with exclusion lines and thg, values in the different crack orientation for trgious WAAM
OS deposited steel components. The maxinjynaalues, which represent the crack initiation tauegs
corresponding to the various WAAM deposited steelmponents, are presented in Table. 2. Figrégents
themacro image showing layer bands and fractured edplath in the WAAM deposited steel component, as
shown in Fig. 4. Fracture in the Z-direction (asthe layers) could only occur in crack path Zjevinacture

in the X-direction (along the layers) could ocaucrack path X1 or X2. The variation in toughnessgiven

by the J, values with respect to crack orientation, is ewtdn the LLD and J-R curves. The observed fractur
toughness across the build direction (layer bapoejents the highest resistance to fracture faifalewed by
fracture in the welding direction (X-direction). Xhth through the hard zone showed the least tasghiX2
path possessed more resistance to fracture thafiltpath, being the annealed, tempered and refiatid The
J-R plots indicated higher resistance to crack @gagion in the ER70S-6 WAAM component comparedtheo
WAAM steels, as given in Fig. 10 (b). T)igvalues for ER90S-B3 WAAM component were highethie Z-

direction compared to the X-direction, although tighestJ, value for this component is significantly less

compared to the ER70S-6 WAAM component. The averggealues for ER120S-G and ER70S-6 were very
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close but significantly higher than the ER90S-B3 MAsteel. TheJ, value for ER120S-G in the Z-direction
is about 1.1 & 2.3 times more than the value inaX¥@ X1 fracture orientation, as reflected in Fig.(). It is
worth noting that thgJ, values are generally higher in the Z-directiothesannealed and tempered region of

the layer band serves as a ,crack arrest regiardie) the fracture; this was also reported wittoAl-4V [33]

a) b)
60000
900 |
50000 | I
40000 700 L
z s |
§ 30000 E i
- :—‘ 500 |
20000 - ER905-B3(2) I ER90S-B3(Z)
10000 | ER905.B3(X2) 200 ER90S-B3(X2)
ER905.B3(X1) [ ER90S-B3(X1)
0 ; ; ; ; 1["] 3 n n n n i n n n n i n n n n i n n n n i n n n n
0.0 1.0 20 3.0 4.0 5.0
Load line disol 0.0 1.0 2.0 3.0 4.0 5.0
oad line displacement (mm) Crack extension - Aa (mm)

Fig. 9. WAAM deposited structure of (ER90S-B3) (a) loadaryd unloading curve (b) J-R curves
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',/ ] — 500 & —=—ER1205-G
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..!‘ ' w 4 / | _;, 300 T
400 - ! b
. 200 |
300 ' |y = 455.92x0.4%4 ‘ = ’ F
R*=09984 (| = | ----- unting line ‘ T
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1.0 2.0 3.0 4.0 5.0 4 X2 X1
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Fig. 10 J¢ plot (a) illustration of the exclusion lineg,., and J,¢ (b)J, values for the different fracture
orientation in WAAM deposited steel components

Table 2. Summary of fracture toughness test results

WAAM steel Max, Crack orientation Avg Max dJ/da(MPa) R?
grade Jo(kd/m2) Jo(kd/m2) Jlc(MPa.m)
120s 400 Z-Dir 313 0.40 978.1 0.99
90s 350 Z-Dir 290 0.35 541.73 0.99
70s 640 Z-Dir 453 0.64 678.47 0.98
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Fig. 11. Macro image showing layer bands and fracturedker path in WAAM deposited steel component

4. Discussion

4.1 Theinfluence of deposition strategy on microstructure and hardness variation

The cyclic heating of this WAAM steel due to thegential layering strategy (oscillatory strategggults in
variations in the peak temperature and coolingsraféhe adjacent layer in the building directidhe variation
in peak temperature, which was as a result of tiedirey rate is dependent on the WFS, TS (heat Jrgnd the
oscillatory dwell time and leads to the formatidiayer bands. These bands have distinctive regidmeh, on
subsequent cyclic heating, cause annealing anersodt of the adjacent layers. This phenomenon Vgas a
reported for Ti-6Al-4V by [34] and further investited by [22]. The layer band spacing, which is egjeint to
the layer height, causes variability in microstametand hardness of deposit, as shown in Fig. 8J. &his
trend is also similar to phase changes in the HRgteel welding as observed by [35]. The prolongeimal
cycle in the OS resulted in grain coarsening, wigcibsent in the SP strategy, as observed ing@dhigher
hardness as a result of an increase in austemite gjize, also reported by [29,30] which also inses
hardenability. The OS strategy has a feature gkamed thermal mass and a slower cooling rateygmough

time for carbon to diffuse into the austenite.

4.2 Theinfluence of crack orientation on fracture toughness behaviour and mechanism
in the Z-direction

The macro of the fractured C (T) specimen, fractunethe Z-direction (across the layers), is présgim Fig.

12 (a - b), while that of the X-direction (alongetlayers) is presented in Fig. 12 (c - d). Theam@frevealed
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ductile tearing with some resistance across therlagnds in the Z-direction. The layer bands cargaime hard
and soft zones, as shown in Fig. 11. These twozmmmesent the peak and valley in the hardnessipdovn in
Fig. 7. The hard zones are comprised of large griaaof a low proportion of low angle grain bourida with
misorientation angle between 2° and 15° and thiezeofes are comprised of small grain size of a high
proportion of high angle grain boundaries with mitation angle greater than 15°. The distancerdxt the
two layers (band spacir®y; ) and the height of the coarse grain region (lzartesH;, ), which looks like the
HAZ region in an intercritically reheated weld, tbe the key to fracture toughness resistantbeofWVAAM
OS steel structures. The soft zones contain a pistenitic grain boundary, which promotes maximum
resistance to crack growth propagation and cradstrAt the hard zones, just at the re-meltingrjshiase,
there is a directional grain growth parallel to theéld direction (Z-Dir), being the region mostedted by the
temperature gradient of the solidifying liquid. $hiendritic laths emanating from this liquid-safiterface is
also influenced by the composition of the solu®,33]. Although earlier results on WAAM showedstsame
trend [38], it is supposed that the soft regior lgid to slower crack propagation through thedditection.
Crack path roughness is also associated with #utuire in the Z-direction (across the layers), faiortuous
fracture path, as shown in Fig. 12 (a & b). Therecorded for the Z-direction were higher thanuhkies
recorded for the X-direction. The phenomenon disedsabove was responsible for this differencedotéire

resistance.

1
061 o2l ocl o3I

Fig. 12. Macro of fractured C (T) specimen in both direns (a) Z-direction (b) fractured area (c) X-direot
(d) fractured area
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Fig. 13. SEM detailed microstructural features of ER90SVYBBAM oscillatory deposited features with fine
distribution of carbides (a) X1 fracture path (8 ¥acture path

4.3 Theinfluence of crack orientation on fracture toughness behaviour and mechanism
in the X-direction

SEM details of the WAAM OS microstructural featutd€90S-B3 steel obtained in the X1 and X2 patles ar
shown in Fig. 13The crack path X2 is the soft region and crack pdths the hard microstructural region, as
shown in Fig. 11. The fracture C(T) specimen digpt in Fig. 12 (c & d) revealed ductile tearing with less
resistance across the path due to the absencgeofdands. The crack path was constrained in tteggens by
side grooving, as shown in Fig. 3 (b). The pathhlie least resistance, as shown in the J-R glthei X1 path.
This path contains an average grain size of 34 jithmlarge granular bainite, and martensitic ladich®et sizes
greater than 60 um in length. Some M-A, aethined austenite (RA), which is less resistamlistocation
movement, are present, as shown in Fig.13 (a) Xtheath possesses better fracture resistanceessith of the
crack following the annealed and soft zone betwhertwo layer bands. This region is refined witer@age
grain sizes of 24 um with fine grain bainite andsjipolygonal ferrite, as shown in Fig. 13 (b), ¢eethe
improved toughness. In both cases subgrain sidegm are present. The preferential fracture pathénX
direction would have been the hard region (X1 path¢laimed in the work of [33] if there were ndesi

grooving.

4.4 Theinfluence of microstructure, inclusion, and precipitates on fracture toughness

The fractured morphologies of thg. specimens analysed with EDS, showing the incliss@nd particles

found in the fractured zone, are shown in Fig.d4f). As a result of heating and relatively slosoling of the
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WAAM OS structure, there is a fine distributionaafrbides, oxides and intermetallic compounds énféhrite
matrix. The presence of mainly fine non-equiaxedtieof an interwoven (basket weave) nature, daf\&,
was found in the ER70S-6 WAAM deposit, as showRim 8 (f). The interlocking nature of acicularriee,
plus its fine grains, promotes maximum fracturéstasce, hence the maximuyp value of 64@j/m?. The Ti
and Mn oxide inclusion in this steel deposit, aseted by EDS scanning in Fig.14 (a & b), contréolito the
intragranular transformation of titanium and maregmnrich amorphous phases, with Mo delaying and
suppressing the formation of PF and P and promd@is; this is consonant with the work of [15]. TWwerk of
[39] also revealed that Ti non metallic inclusiomsvelds support AF formation due to the replaceinoé
MnSiO; by Mn,TiO, andMnTiO; and finallyTi, 05 with some effectively depleted manganese (Mn) golre
Fig. 14 (a & b), the high triaxial state stress weftected in the high plasticity possessed byBR&0S-6
WAAM deposit; this was shown in the copious, eqa@shaped, small deep and closer dimples in tiotuhed
surface. Hence, the decrease in dimple size ageper unit area required to fracture increasée. 4 path
specimen had more and smaller dimples. The frach@ehanism is caused by ductile failure and thdlema

sized dimples depict its high ductility, hence thegher it was compared to other WAAM OS depositea!s.

The microstructure presented by the ER90S-B3 isrmoarsening, as shown in Fig. 8 (b). It contdifts\
constituent consisting of martensitic laths, uppeinite, and GBF. These hard phases are promgtéteb
presence of a high volume of Cr and Mo, as shawrable 1. The formation of grain boundary feratel
upper bainite provides an easy pathway for craopggation, hence, the lowggtvalue of 35@j/m?
compared to ER70S-6 & ER120S-G. Fine sphericalidanprecipitates of'e;C, Mo,C and inclusions of AlO,
MnS, Al-Si were observed in the fractured surfagsl@own in Fig. 14 (c & d). It was also reported49] that
the non uniform micro straining of the matrix aniglacation locking caused by these precipitates are
responsible for the fracture behaviour of theselsté\ccording to [41] M,;C, and M,C, are the secondary
precipitates found in the weld subzone that wedkerfracture path and lead to micro void generafidre
large sized non equiaxed intragranular dimples asra result of the weak influence of the micragtie on
the fracture behaviour. The dimple sizes in thend 4 paths are similar. The fracture mechanisrhrisugh

micro-void coalescence with some quasi cleavagedangle fracture.

The fracture surface of WAAM ER120S-G revealedphesence of Ti, Al and Mn inclusions, as shownim F
14 (e & f). The reduced inclusion number, as altegwaluminium retarding ferrite transformatioealds to the

presence of a low amount of AF [42-44]. Prectfmtaand homogeneously dispersed carbides and ®iide
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the ferrite matrix were responsible for the impnmest in strength and toughness of the WAAM ER120S-G
steel. The fine inclusion particles act as nucteasiites for acicular ferrite formation [45]. Thilso has huge
effects on grain boundary pinning, hence the rediacerage grain size of < 12um and sub grainslgfra.
The micro constituents form interlocking structuireshe microstructure that improves strength andjhness
[45-47]. The combined presence of Ni (2.27%) and(M63%) in certain proportions in the original oiistry
of the wire aided the reduction of both second ptzasl GBF, hence the high value 0f400kj/m?. This is
consonant with [28]. The presence of numerous lagggaxed dimples reflect the ductility attributdghis
steel. WAAM of steel is a constructive process smthhances displacive transformation regimes énstieel
making process. Intragranular ferrite formed atspldcive transformation temperature is a domirfieature of
the acicular ferrite in the deposited metal. Theekics of ferrite nucleation and growth reactiothat austenite
grain boundary and intragranular nucleation sietemnine the extent of acicular ferrite formatidhe fracture
toughness of low alloy steel is dependent on therwe fraction of AF. Austenite grain size, alloyntent and
inclusion characteristics with WAAM deposition pareters are the factors controlling the large voldiraetion

of AF in WAAM steel deposits.
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Fig. 14 : Fracture morphologies folG specimen in both X & Z direction with EDS anaysi round particles
(a) ER70S-6(Z) (b) ER70S-6(X) (c) 90S-B(Z) (d) 9BEX) (e) ER120S-G (2) (f) ER120S-G (X)

5. Conclusions

In this paper, the WAAM OS and SP deposition stpateas used to deposit HSLA steel structures. The
metallurgical structure, the basic mechanical prige and the fracture toughness in termg,pfvalues of the
WAAM OS deposit in different orientations were expeentally determined using the EPFM approach. The

following conclusions are drawn from the studies:
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The cause of variability ij, in the WAAM OS strategy deposits is the hardergingd softening regions in

the layer bands caused by the variation in peakbéeature and cooling rates of the adjacent layénan

building direction.

The fracture toughnesk, across the Z-direction possesses the most resistarfracture failure as a result

of the reduced grain sizes due to grain refineraadtincreased density of grain boundaries in the Z-

direction.

The fracture toughnegg along the welding direction possesses the leasstaese to fracture failure as a
result of increased grain size in the weldingaion and the tendency for crack propagation inntiost

vulnerable part in the microstructure, i.e. harderene in the layer band.

The dominating mechanism of failure in the WAAM illated steel is ductile fracture, bound with large

and small dimples, and with some fine dispersetidas and oxides in the ferrite matrix.

WAAM built by oscillatory strategy is a construaiyprocess for producing HSLA steel structures sihce

enhances displacive transformation regimes withique microstructure.

The layer band spacing and the thickness of the frame are key parameters that could control #etdre

toughness of WAAM oscillated part in the Z-direct$o this require to be further investigated.

Fracture toughness behaviour of WAAM steels madsitgle pass and parallel pass strategies will be

investigated further.
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