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ABSTRACT 

Weld residual stress and fracture behaviour of 316L electron beam weldments, which are of particular interest 

in power generation industry, were investigated in this work. Two butt-weld joints were manufactured in 

stainless steel 316L plates of 6 mm and 25.4 mm thicknesses. Three complementary methods were used to 

measure the three orthogonal components of the residual stress in the weld coupons and fracture tests were 

conducted on single edge notched bending specimens extracted from different regions of the welds and parent 

metals. 

The residual stress measurements showed a maximum value of 450 MPa in longitudinal direction, while it was 

less than 150 MPa in the other two orthogonal directions, revealing that in our material, and with the chosen 

weld parameters, the residual stresses were biaxial. The fracture resistance of the weldment and parent material 

was similar, with material microstructure differences being more significant than the measured residual stresses. 

The study suggests that 316L electron beam weldments are not susceptible to fracture failure due to their high 

ductility and ability to relieve residual stresses through gross plasticity. Electron beam welding may therefore be 

suggested as a reliable manufacturing technology for safety critical 316L components.  

 
* NOTICE: this is the author’s version of a work that was accepted for publication in Fatigue and Fracture of 

Engineering Materials and Structures. Changes resulting from the publishing process, such as peer review, editing, 

corrections, structural formatting, and other quality control mechanisms may not be reflected in this document. 

Changes may have been made to this work since it was submitted for publication. A definitive version was 

subsequently published in  http://doi.org/10.1111/ffe.13472  
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Nomenclature 
 
Latin Symbols 
𝑎   Crack length 
𝑎!   Initial crack length 
𝑎"   Physical crack length 
𝑎#$%    Crack length measured from silicon replicated crack 
𝐵   Specimen thickness 
𝐵&   Effective thickness of the specimen 
𝐸   Young modulus 
𝐸'()*    Young modulus of selected crystallographic direction 
𝐻𝑉0.3   Vickers pyramid number (hardness unit) with applied load of 300 gr 
𝐽   J-integral 
𝐽+,-    Maximum J-integral capacity 
𝐽.    Interim value for J-integral 
𝐽/%    Plane strain fracture toughness 
𝑃!   Reference load 
𝑆   Specimen span, the distance between specimen support 
𝑇$   Tearing modulus 
𝑊   Specimen width 
 
Greek Symbols 
𝛼   Lattice parameter 
𝛼0   Stress free lattice parameter 
𝜀)!12, 	𝜀34,15, 𝜀1!4+ Longitudinal, transversal, and normal components of strain 
𝜎)!12, 	𝜎34,15, 𝜎1!4+ Longitudinal, transversal, and normal components of stress 
𝜎65   Yield strength 
𝜎65	0.9%	!;;5&3   0.2% offset yield strength 
𝜎<35   Ultimate tensile strength 
 
List of Abbreviations 
CMOD   Crack Mouth Opening Displacement 
CTOD   Crack Tip Opening Displacement 
DHD   Deep Hole Drilling 
EB   Electron Beam 
EBSD   Electron Backscatter Diffraction 
EBW   Electron Beam Welding 
EDM   Electrical Discharge Machining 
EDXRD   Energy-Dispersive X-Ray Diffraction 
FZ   Fusion Zone 
GS   Grain Size 
HAZ   Heat Affected Zone 
ND   Neutron Diffraction 
RS   Residual Stress 
SD    Standard Deviation 
SENB   Single Edge Notched Bending 
SENT   Single Edge Notched Tension 
SRC   Silicon Replicated Crack 
XRD   X-Ray Diffraction 
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INTRODUCTION 

Electron Beam Welding (EBW) is a key manufacturing technology in a number of safety critical industries such 

as aerospace and power generation. This is because EBW provides deep, narrow, and defect-free joints with 

small heat affected zone in a rapid joining process 1. EBW can be fully automated which is of great interest as it 

can increase the efficiency, quality, and thus profitability of the manufacturing process. Despite having a great 

potential, EBW has not been fully utilised in the safety critical industries for manufacturing of thick section 

components yet. This is because the integrity and safety of structures in such industries are of prominent 

importance and there is still not a comprehensive body of work on the reliability of performance of EBW. Since 

complex metallurgical processes are involved in EBW, similar to other welding methods, a range of flaws, 

precipitations, textured microstructure, and weld residual stress (WRS) can be introduced in the welded joint. 

Identifying RS fields is an essential part of fatigue and fracture analysis of joints.  

The methods used for identifying WRS can be divided in two main categories: numerical simulation and 

experimental measurement. The latter can either destructive such as sectioning 2, hole drilling 3-4, and contour 

method 5, or non-destructive such as X-ray diffraction 6 and neutron diffraction 7. The distribution of WRS can 

be highly affected by the composition of the welded alloys. For example, the WRS in EB welded austenitic 

stainless steel 316L plates can be distributed in wider area around the weld centreline in comparison with 

ferritic steel EB weldments 8. In a comprehensive study, Javadi et al. 9, used neutron diffraction, X-Ray 

diffraction, contour method, incremental deep hole drilling and incremental centre hole drilling in a round robin 

residual stress measurement of an electron beam welded joint between type 316L and ferritic steel P91. They 

reported an M-shape stress distribution in weld region where the peak tensile stress was measured in the parent 

material in the range of 370 – 460 MPa on both sides. Similar tensile distribution, M-shape with peak stress just 

beyond the heat affected zone, has also been reported by Kundu et al. 10 in electron beam welded P91 ferritic 

martensitic steel plates with thickness of 9 mm. 

Since the magnitude of WRS can be of the order of yielding strength of the material, it can play an important 

role in fracture behaviour of weldments by affecting the effective crack driving force and crack plastic 

constraint 11. It is broadly accepted that when the fracture load can be predominantly described by Linear Elastic 

Fracture Mechanics regime, such as that in in low toughness materials, the effects of WRS is greatest. For 

example, Mirzaee-Sisan et al. 12 showed that the cleavage fracture toughness of A553B ferritic steel decreases 

after introducing tensile notch-tip residual stress in a modified single edge notch bending (SENB) specimen. 

However, for an elastic-plastic body the effect of WRS on crack driving force diminishes by increasing the 

fracture load 13-14. In contrast to their study on a ferritic steel12, Mirzaee-Sisan et al. 15 also showed that the 
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integrity assessments based on EDF’s R6 fracture assessment procedure 16 overestimate the effect of RS on 

crack initiation loads in 316H austenitic stainless steel. In their study, WRS were simulated by autogenous TIG 

welding along one edge of SENB samples. They attributed the negligible effect of WRS on crack driving force 

in 316H to the residual stress relaxation as a result of the extensive plasticity at the crack tip before crack 

initiation. Liu et al. 17 showed that when approaching the full ligament plastic condition, the crack tip constraint 

is hardly affected by WRS. They employed numerical methods to study the weld-induced RS on the crack tip 

stress fields in SENB and Single Edge Notch Tension (SENT) geometries. Their study, however, was based on 

a one dimensional RS field; only the RS component acting to open the crack was taken into account. Stress 

distribution at the crack tip, however, can be affected by the other Rs components which for example can 

influence T-stress. To address this issue, Ren et al. 18 employed modified boundary layer method to study the 

crack tip constraint in the presence of two-dimensional RS field. They reported that increasing the external 

loading thus T-stress can decrease the level of constraint induced by RS in a large cracked cylinder with a crack 

in the centre. It has previously been reported that EBW process can result in highly triaxial WRS fields 19-21. 

Since stress triaxiality in the vicinity of a crack tip can affect the ductile fracture process, it is important to 

identify the level of triaxiality in EB weldments.  

As mentioned above, it is reported that EBW joints can contain a triaxial RS. This has the capability to 

significantly impact the failure characteristics of such joints, potentially promoting fast fracture. Before EB 

welding can be used in safety critical industries, it is important that there is a clear understanding of the 

vulnerability of EB weldments to a range of failure mechanisms, including fracture. In this study stainless-steel 

plates with thicknesses of 6 mm and 25.4 mm were manufactured by EB welding. Three different approaches 

were employed to determine the RS field in the plates, including: (a) Contour method, which is a mechanical 

stress relief and destructive method, (b) synchrotron X-ray diffraction and (c) neutron diffraction methods, both 

are non-destructive methods. Several tensile tests were performed on specimens extracted from the parent and 

the weld regions of 25.4 mm EBW plate to validate the effects of micromechanical features. The effects of RS 

and microstructural variation on fracture toughness of the welded joints were examined by conducting fracture 

toughness test on SENB samples. 

 

METHODOLOGY 
Manufacturing the Electron Beam weld specimen 

Butt weld autogenous joints of austenitic stainless-steel type 316L with two different thicknesses 6 mm and 

25.4 mm, plates with dimension of 400 mm by 100 mm were manufactured by single pass EB weld along their 
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long edge. A pro-beam K25 system at the Nuclear Advanced Manufacturing Research Centre was employed to 

weld the plates in a vacuum of 6.0×10-3 mbar or below, with an 80 kV electron beam. The welding of 6 mm 

plates was carried out with the gun in the vertical position to create a flat down-handed weld with the beam 

current of 40 mA and welding speed of 16.66 mm/s. Welding parameters were iteratively changed to obtain a 

satisfactory weld joint in thick plates. That is, the welding was carried out in the horizontal welding position 

(plates were vertical with respect to the working surface). In addition, the welding speed was reduced to 4.16 

mm/s and a beam oscillation of 2 mm wide × 1 mm long at 1 kHz was applied while the beam current was 160 

mA. The beam current per unit of thickness of both plates were identical (6.66 mA/mm). More details about the 

welding procedure can be find in 22. Since post weld heat treatment can partially or fully relax the weld-induced 

residual stresses, the weldments were studied in the as-weld condition.  

Fusion zone (FZ) and heat affected zone (HAZ) shape and size were identified by macro etching the small 

cross weld sections. Following the standard grinding and polishing method 23, an electrolytic etching method 

(immersing the sample for 1 minute in Nitric acid 60%, 1 V) was used to reveal the grain boundaries and δ-

ferrite (unannealed twins) 23. Microstructural examination was conducted by using Zeiss Imager M2 optical 

microscope and electron backscatter diffraction (EBSD) by using Zeiss SigmaVP scanning electron microscope 

(SEM) at 30 kV with a sample tilt of 70°. The step size in the EBSD scans was 2 μm. The EBSD data was then 

analysed using Orientation Imaging Microscopy version 7.3 software to plot the corresponding orientation maps 

and pole figures of the parent and the fusion zone. 

 
Micro-hardness and Tensile experiments 

To examine the variation of the hardness in different regions of the welded plates, cross-weld specimens 

were carefully extracted from both 6 mm and 25.4 mm thick samples by electrical discharge machining. Vickers 

hardness measurements were conducted using a Struers DURAMIN A 300 automated hardness testing machine 

in a two-dimensional grid pattern with step size of 0.3 mm in the FZ and HAZ region and 1 mm in the parent 

material. At each point of measurement, the hardness indenter applied a load of 300g which was held constant 

for 10 seconds. Sub-sized tensile samples were carefully extracted along the weld line from FZ (denoted by W-

L) and Parent metal (denoted by P-L) of 25.4 mm thick plate, following ASTM E8M standard 24. In each 

region, three samples were extracted; from the top, middle, and bottom of the thickness. Fig. 1 shows the 

geometry of the tensile samples. Tensile tests were conducted in displacement control at a rate of 0.5 mm/min 

using a 50 kN Instron 5969 Universal testing machine. The strain values were measured by attaching an 

extensometer to the gauge area of the samples. The maximum range of strain which could be measured in this 
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way was 0.2 mm/mm at which point the test was paused, the extensometer was removed, and the test resumed 

until the final fracture of the sample. In addition, the elongation after fracture of the samples were measured 

using a standard marking procedure 24.  

 
Residual stress measurement 

Distribution of residual stress in the welded samples were measured using three techniques: Contour 

method, Neutron diffraction and energy dispersive X-ray diffraction. The Contour method is a destructive 

mechanical strain relief technique which is based on Bueckner’s elastic superposition principle. Following the 

best practice guidelines put forward by Hosseinzadeh et al. 25, contour measurements were carried out by 

VEQTER Ltd to and a 2D map of the residual stresses acting normal to the plane cut through 1/3 of the length 

of the welded plates were obtained. To minimise the cutting induced plasticity, a single wire EDM cut with pilot 

holes was used across the weld. A 3D finite element model with 97120 nodes and 84949 elements of type 

C3D8R were used to calculate the residual stress. The size of the elements was around 0.5mm x 0.5mm in the 

plane of the cut surface and they became coarser further from the cut plane. 
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Fig. 1 Tensile samples extracted from 25.4 mm thick plate 

To complement the contour RS measurement of 25.4 mm plate in longitudinal and normal directions, 

Neutron diffraction at the ISIS Neutron and Muon Source ENGIN-X beamline 26 was used. The neutron 

diffraction measurements were conducted on the remaining 2/3 of the plate used for the contour measurement. 

Strain measurements were performed along a perpendicular line to the welding direction using a gauge volume 
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of 4 mm × 4 mm × 4 mm. More measurement points were used closer to the centre of weld to capture the steep 

strain gradient and fewer away from it to reduce the scan time. By employing a multi-peak, Pawley refinement 

and the Open Genie software suite 27, the lattice parameter, 𝛼, were calculated from the diffraction patterns and 

subsequently, the strains were calculated using the following relationship: 

 

𝜀 =
(𝛼 − 𝛼!)

𝛼!
 (1) 

   

where 𝛼! is the stress-free lattice parameter. 𝛼! was measured from average lattice spacing of eight stress-

free cubes with dimension of 6 mm × 6 mm × 6 mm which had been extracted by EDM form various points in 

the plate. Four of the cubes were taken from the FZ and the rest from the parent material. A single value for 𝛼! 

was judged to be sufficiently accurate as the difference between the measured 𝛼! between samples below 1×10-

5 angstrom. This is equivalent to introducing a pseudo-strain of less than 4 × 10-5 or 40 micro-strain (equivalent 

to an error, in stress, of <10MPa) 22. 

To assess the residual stress triaxiality, all three components of residual stress is required. Once 

longitudinal and normal RS components were measured using ND method, energy dispersive X-ray diffraction 

(EDXD) was used to measure the transverse component of the RS. Therefore, a complete 3D strain state of the 

RS of 25.4 mm welded plate could be obtained. EDXD measurements were conducted at Diamond Light Source 

I12:JEEP beamline 28. In this experiment, the gauge volume was 1 mm × 1 mm × ~14 mm 29 and whitebeam 

(whole spectrum of the beamline energy range 50 - 150keV) was used. The same stress-free reference samples 

which had been used for the neutron diffraction measurements were used in EDXD experiment to determine the 

stress-free lattice parameter. Diffraction patterns were processed by pyXe strain analysis software 30. More 

details on how the data was processed can be found elsewhere 31. Similar to neutron diffraction, a path 

perpendicular to the weld direction was mapped with the weld centre at the origin, greater number of 

measurement points near the weld centre and fewer away from it in the parent material. Care was taken in 

setting up the sample so that the measurement path of EDXD and neutron diffraction match so that the 

longitudinal stress of neutron diffraction and transverse and normal stress of EDXD are measured at the same 

points together assembling a whole 3D residual stress field along the path (albeit with different gauge volume 

between neutron diffraction and EDXD). It should be noted that in this study macro residual stresses (type I) 

were quantified. This is due to the large gauge volume of both EDXRD and ND method and the distance in 

which the residual stresses were equilibrated in comparison with the average grain size of the material.  
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Finally, the complete 3D stress state of the plate was calculate using Hooke’s Law for isotropic materials 

which can be written as follows:  

 

𝜎"#$% =
𝐸

(1 + 𝜈)(1 − 2𝜈) -(1 − 𝜈)𝜀"#$% + 𝜈(𝜀&'($) + 𝜀$#'*). 
(2) 

𝜎&'($) =
𝐸

(1 + 𝜈)(1 − 2𝜈) -(1 − 𝜈)𝜀&'($) + 𝜈(𝜀"#$% + 𝜀$#'*). 
(3) 

𝜎$#'* =
𝐸

(1 + 𝜈)(1 − 2𝜈) -(1 − 𝜈)𝜀$#'* + 𝜈(𝜀"#$% + 𝜀&'($)). 
(4) 

 

With respect to the 6 mm plates, the longitudinal and transversal stresses were calculating under plane stress 

condition. The details of these RS measurement experiments can be found in our previous work 22.  
 
Fracture Test 

To quantify the effects of RS and microstructural variation resulted from welding on the fracture behaviour of 

weldments, seven fracture toughness tests were conducted on side grooved SENB samples according to BS EN 

ISO 15653:2018 32 and ASTM E1820-18 33. Three out of seven samples were taken from the 6 mm thick and 

the rest were extracted from the 25.4 mm thick EB-welded plates; the crack to width ratio the a/W for all 

samples was 0.45. The sample orientation with respect to the weld line was identified based on the former 

standard (Fig. 2). In this experiment, samples were extracted in NP orientation. Only one sample from the 

parent plate was extracted in X-Y orientation far from the weld line, as shown in Fig. 3.  
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Fig. 2 Crack plane orientation codes for weld and parent metal 32 

 
Fig. 3 Schematic of the location of which the SENB samples were extracted from the EBW plates 

As can be seen in Fig. 3, the samples were side-grooved depth of which was 10% of the thickness of the 

sample (B). To have a notch acuity comparable to a natural crack, a fatigue crack is desirable. This is an 

important step in sample preparation for fracture toughness tests of most engineering materials to obtain a 

conservative value for the fracture toughness 33. Therefore, samples with even fine EDM notches show higher 

apparent fracture toughness than fatigue pre-cracked samples 34-36.  However, previous studies showed that 
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significant crack tip blunting occurs prior to crack extension in highly ductile materials such as 316L stainless 

steels 37-38. This reduces the effect of the initial crack tip sharpness on initiation resistance. Therefore, the time-

consuming stage of fatigue pre-cracking can be substituted by introducing a narrow EDM notch 39. This has 

been supported by Akourri et al.40 in a study on how the notch radius affects the fracture toughness 

measurements in SENB samples made of mild steel. They have shown that by considering the influence of 

crack notch radius ρ on the η factor in fracture toughness calculation, fracture toughness was not affect by radii 

less than 0.85mm. Considering the high ductility of the austenitic stainless steel type 316L and the diameter of 

the EDM wire (0.1mm) in this study, it is unlikely that using an EDM notch instead of fatigue pre-cracking will 

affect the fracture toughness measurements. In addition, by employing the EDM a narrow slit were placed in 

three regions in thick specimens precisely; the centre of the FZ (denoted by FZ0), in the FZ boundary which 

was 2 mm away from the centre of the FZ (denoted by FZ2) and 4 mm away from the centre of the FZ in the 

parent metal where the maximum RS were measured (denoted by FZ4). Fig. 4 shows the geometry, dimensions, 

and the location of the EDM notch for the fracture samples. The notch placement was conducted according to 

the instructions described in BS EN ISO 15653. 

 
Fig. 4 The geometry, dimensions and the location of the EDM slit of the fracture samples  

A servo hydraulic Instron testing frame with a 250kN load cell was used to perform the fracture tests under 

displacement control; the crosshead displacement rate was 0.4 mm/min. To construct the resistance curve (R-

curve) by single specimen method, the crack extension should be measured as a function of load applied on 
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each specimen. There were a number of issues with crack length measurement of austenitic stainless steels by 

conventional methods (e.g. unloading compliance or potential drop – PD). For example, unloading compliance 

method significantly underestimates the crack length when considerable plastic deformation occurs in the 

specimen 418-43. Interaction between gross crack tip plasticity and PD, makes measuring crack length extension 

by PD ardeous and with high uncertainty 44. Therefore, in this study crack length was measured directly by 

crack infiltration method. This technique has been used since early 1970s as a direct measurement method for 

quantifying crack tip opening displacement. The first attempt to cast crack initiation and initial growth by crack 

infilteration was done by Robinson and Tetelman 45 in 1974. They used a catalytically hardening silicon rubber 

for this purpose. The procedure included three steps, 1) infiltrating the crack with silicon rubber, 2) loading the 

sample to a particular clip gauge displacement and holding for rubber to be set, 3) loading to fracture of the 

sample. By removing the rubber casting and examining it with optical microscopy, they found the relationship 

between midsection COD and clip gauge displacement. They used this relation for evaluating the midsection 

COD only from displacement of clip-on gauge and sample geometry, no further crack replication was required. 

However, multiple samples were required to find the calibration relationship. Fields and Miller 46 adopted this 

method for studying the crack initiation of notched HY 130 and HY 130 steel samples. They, however, loaded 

the sample to certain displacement increments where crack infiltration was performed in each increment. In this 

way, they managed to obtain quantitative information about crack tip blunting, crack front shape, crack 

initiation and growth only from one sample.  

In this study, crack replication was performed following the procedure described by Khor et al. 47. In this 

procedure, a two-part silicon compound (Microset 101FF) was used for crack infiltration. The silicon compound 

was cast in the crack at each holding step of the incremental loading of the sample. It cured during a 10 minutes 

holding step; the sample was then loaded to the next holding step, when the cast crack was removed from the 

sample by a tweezer. This procedure was repeated for the rest of loading steps. An Olympus SZX16 optical 

microscope was used to measure the crack extension from replicated cracks.  

The length of the replicated crack at last loading sequence was compared with optical measurement made on the 

fractures surface after the sample was broken by post-test fatigue. 

The displacement of the crack mouth was measured with a 12 mm range 3541-005M-120M-LT Epsilon. Single 

specimen resistance curve was used to construct the R-curve according to ASTM 1820-18.  

The measurement capacity of the specimen (Jmax) is the minimum of 48:  
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𝐽+,- =
𝑎! × 𝑓𝑙𝑜𝑤	𝑠𝑡𝑟𝑒𝑠𝑠

20  (5) 

𝐽+,- =
𝐵 × 𝑓𝑙𝑜𝑤	𝑠𝑡𝑟𝑒𝑠𝑠

20  (6) 

𝐽+,- =
(𝑊 − 𝑎!) × 𝑓𝑙𝑜𝑤	𝑠𝑡𝑟𝑒𝑠𝑠

20  (7) 

where flow stress is the average of yield stress and tensile strength. It is strictly difficult to meet this condition 

for highly ductile materials such as austenitic stainless steel when tested at laboratory scale 49-50.    

According to ISO 15653 32, when the crack is placed in the centre of the weld, the ratio of the weld width to the 

uncracked ligament of the sample should be greater than 0.2. In this study, the width of the weld was about 4 

mm and 1 mm for thick and thin samples, respectively. Considering the uncracked ligament equal to 22 mm for 

the samples with a/W = 0.45, the abovementioned ratio was 0.18. Therefore, this qualification requirement was 

not met for these samples. However, it should be taken into consideration that this standard is designed for 

conventional welding methods which produce a thick fusion zone with respect to the thickness of the joint 

plates. It is therefore difficult to meet the above mention requirement in high energy welding methods like laser 

or electron beam welding especially in welding of thick plates. 

 

RESULTS AND DISCUSSION  
Microstructure Examination 

Fig. 5 shows the macro and microstructure of the cross section of the EB-weld plates. It can be seen that the 

width of the FZ in 25.4 mm and 6 mm thick plates were approximately 4 mm and 1 mm respectively. Since the 

welding speed in thick plate was lower than thereof in thin plate, a minor HAZ with width of about 300 μm was 

observed in the mid-thickness of the 25.4 mm plate whereas no HAZ could be clearly identified in the thin 

plate. The maximum size of the HAZ in the thick plate was about 600 μm just below the weld caps. The 

microstructural examination showed an austenitic matrix with dispersed acicular δ-ferrite in the parent metal. 

The average grain size of the matrix was 20 ± 8 μm and 15 ± 6 μm for thick and thin plate, respectively. The 

microstructure of the FZ was quite different from the parent due to complex metallurgical processes occurs in 

the course of welding. The grains grown along the direction of the highest thermal gradient which was 

perpendicular to the FZ boundary. Intersection of grains with different growth orientation or grain structures 

resulted in formation a clear line in the centre of the fusion zone known as “Parting” 51. It is the preferred region 

for crack initiation and propagation in tensile, fatigue and creep testing 52. The grain structure in this region 

consisted of columnar dendrites. The average grain size in the FZ of the thick plate was 194 ± 16 μm (about 10 

times bigger than parent region) while it was 56 ± 19 μm for thin plate ( about 3.7 times bigger than parent 
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region).The grain size was measured from the EBSD images taken from the mid-thickness of the cross section 

of the welds as shown in Fig. 6.  
 

Microhardness and Tensile Properties 

In order to determine how the microstructure variation due to EBE affects the local mechanical properties of the 

joints, micro-hardness and tensile tests were conducted on parent and weld regions. Fig 7 shows the 2D and line 

maps of the micro-hardness from the cross section of both thin and thick plates. With respect to the thick plate, 

the maximum hardness of 204 ± 6 HV (mean ± standard deviation) was measured at a distance of about 4 to 7 

mm from the FZ boundary, in the parent. This is the area with the maximum strain hardening as a result of the 

in-situ annealing of the central weld in the course of welding process. The hardness of the parent metal was 187 

± 7 HV. Fig. 7a shows lower hardness in areas close to the root and cap of the weld which can be attributed to 

formation of large grains and big HAZ in these areas where the cooling rate was low. In general, as it can be 

seen from Fig. 7b, no significant under- or over match was observed in 25.4 mm thick EB weld. The hardness 

profiles have also been illustrated by averaging the hardness values in an area in the mid-thickness of the plates 

(Figs. 7c and 7d). This graph is interesting as it can effectively shows the hardness variation through the weld. 

The hardness reduced from 190 ± 7 HV0.3 to 182 ± 7 HV0.3 in the HAZ at the right side of the fusion zone of 

the thick plate. Microstructural examination showed that this region had a bigger HAZ than thereof at the left 

side of the FZ. The hardness distribution of the 6 mm plate was different from the thick plate in two main ways. 

Firstly, the hardness of the parent was 161 ± 4 HV0.3 which is 16% lower than the hardness of the parent of the 

thick plate. Secondly, the line map showed an M-shape hardness distribution, with the peak hardness of about 

190 HV0.3 at fusion zone boundaries. It dropped to 177 ± 3 HV0.3 at the centre of the fusion zone, at the 

“parting”. This is agreement with “parting” being the weakest part of the weld 51-52. Higher hardness at fusion 

zone has been attributed to formation of fine dendrites and grains as a result of high cooling rate in EB welding 

process 51. This is not the case for thick plate, where lower welding speed resulted in large grains. 
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Fig. 5 Macro- and micro-structure of the cross section of thin and thick EBW plates showing the parent 

metal (P), fusion zone (FZ) and heat affected zone (HAZ) 

The results of the tensile tests samples extracted from 25.4 mm are summarised in Table 1. An apparent 

reduction of 32% in Young’s modulus in the weld region in comparison with the parent may be attributed to the 

local change in the chemical composition or directional grain structure (textured materials) 53-55. Large 
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variations in Young’s Modulus of selected crystallographic directions (hkl-Specific 𝐸+,"- ) in pure Feγ has been 

reported 7. For example, the 𝐸+,"-  can vary from 149.1 to 247.9 GPa in measurement directions of (200) to (111) 

in a in Feγ. This can explain the significant drop in Young’s modulus in extremely textured fusion zone. The 

yield and ultimate tensile strength of the weld was 9% and 11% less than parent metal, respectively. It should be 

noted that EB-welding is an autogenous method; same material in the FZ and the parent. Therefore, the 

variation in the yielding and tensile strength can be attributed to the significantly coarser microstructure in the 

FZ as shown in Fig. 6. 

With respect to the W-L samples, W-L-2 showed a little higher yielding and tensile strength in comparison with 

the samples extracted near the surface of the plate (Fig. 1). This behaviour can be attributed to the finer 

microstructure of the FZ in the mid-thickness rather areas close to the top and bottom of the weld. Finer grains 

in the mid-thickness of the plate in the FZ of EBW is also reported in literatures 56.  

According to 32, the tensile properties of the weld region was used for the fracture test calculation of samples 

with the crack in the middle of the fusion zone, while the tensile behaviour of the parent metal was used for the 

samples with the crack in the FZ boundary, HAZ or the parent region. 
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Fig. 6 EBSD orientation map of the weld boundary zone in 6 mm and 25.4 mm EB-welded plates 
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Fig. 7 Microhardness measurements across the weldments: 2D map of 25 mm (a) and 6 mm (b) thick plates 

and the average of the microhardness in a line with a width of 20% of the thickness of the plates in mid-

thickness for 25.4 mm (c) and 6 mm (d) plates 

Table 1. Tensile properties of the weld (W-L) and parent material (P-L) in 25.4 mm thick plate.   

Sample 
E 

(GPa) 

σys0.2% 

offset 

(MPa) 

σuts  

(MPa) 

Elongation after fracture 

(%) 

Area reduction 

(%) 

P-L-1 210 338 642 - 75 

P-L-2 198 327 635 78 73 

P-L-3 195 334 641 72 74 

W-L-1 132 299 565 58 83 

W-L-2 145 308 571 61 80 
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W-L-3 133 298 570 65 85 

 

 
Residual stress measurements 

Fig. 8 shows the 2D map of residual stress in the longitudinal direction measured by contour method. A 

symmetry line shows the location of the weld centre line. The offset in the location of the peak stresses with 

respect to the weld centre line (towards the final side of the cut) can be attributed to the plasticity effect in the 

residual stress measurement by contour method 57. The peak tensile residual stresses measured by Contour 

method were 415 MPa and 310 MPa for 25.4 mm and 6 mm thick weldments, respectively.  

 
Fig. 8 Residual stress distribution for both thin and thick EBW plates measured with contour method. 

 

The contour measurements were plotted along with EDXRD and ND measurements in Fig. 9. As described 

in the previous sections, employing different methods for RS measurement made it possible to quantify the full 

RS tensor of the 25.4 mm thick plate. Since only longitudinal and transversal strains were measured for 6 mm 

plate, the plane stress condition was assumed for evaluation of the residual stresses in this plate. The overall 

strain measurement uncertainty in EDXRD and ND experiment was 8.8 × 10-5 and 4 × 10-5.  The equivalent 

uncertainty in the stress components was calculated by applying an error propagation method as described by 

Goudar et al. 58 on equations 2-4. For example, the uncertainty in stress component 𝜎"#$% is given by: 

 

Δ𝜎"#$% =
𝐸

(1 + 𝜈)(1 − 2𝜈)0
(1 − 𝜈).(Δ𝜀"#$%). + 𝜈.((Δ𝜖&'($)). + (Δ𝜖$#'*).) (8) 

 

where Δ𝜀 is the uncertainty in strain measurement. The stress uncertainty in the longitudinal and transverse 

direction was 25 MPa while it was 17 MPa in normal direction. This level of uncertainty is consistent with 
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stress uncertainties reported using Synchrotron XRD 59-61 and ND 62,63. The uncertainties are illustrated with 

error bars in Fig. 9. With respect to the thick plate, the maximum tensile residual stress in the longitudinal 

direction measured by XRD+ND method is about 50 MPa higher that what was measured by contour method. 

This is comparable with previous work done by Kapadia et al. 64 who reported that the longitudinal residual 

stress measured in EB weld of type 316H by contour method was about 150 MPa less than those measured by 

ND or slitting method in the welding area which they associated with error due to cutting in destructive 

methods. The peak tensile RS in the weld region of the thick plate was almost symmetrical while it was not the 

case in the contour method results which can be as a result of the cutting-induced plasticity which occurs in 

contour method 65. 

As it can be seen in Fig. 9a, the location of the peak tensile RS in 25 mm plate was measured at about 3 mm 

away from the FZ, in the parent. It is worth noting that RS calculation in both contour and diffraction methods 

were based on the properties of the parent material. That is, the possible variation between Young's modulus of 

FZ and parent material was not accounted for. The hardness map showed that the FZ had lower hardness than 

the parent in the vicinity of the FZ. Thus, the inter-relation between hardness and yield strength of the material, 

can explain the reduction in the longitudinal RS in the FZ 64.  

The distribution of the residual stress in the 6 mm plate was different from that of 25.4 mm plate. That is, 

the peak is much sharper and its orientation changes from tensile to compression at about 10 mm away from the 

weld centreline, while it was just below 40 mm away from the weld centreline in the 25 mm. The maximum 

tensile residual stress of about 270 MPa was observed at about 1 mm away from the weld centreline, in the 

parent, while it was about 450 MPa for the thick plate. The Longitudinal RS in the fusion zone was 22% less 

that the peak stress (the peak stress region for 6 mm plate is magnified in Fig. 9b). It can be seen that stress 

gradient in 6 mm plate is much higher than the 25 mm plate; it is more local. To investigate the level of stress 

triaxiality, the hydrostatic and von Mises stresses were calculated for thick and thin plate and demonstrated in 

Figs. 9c and 9d, respectively. It can be seen that the ratio of the hydrostatic stress to the Von Misses stress 

(triaxiality factor) in the peak stress region is less than 0.68 and 0.45 for thick and thin plate, respectively. This 

is in contrast with the high level of triaxiality in EB welds observed in previous work 19-21. 
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Fig. 9 Distribution of residual stresses in 25 mm and 6 mm EBW plates. The residual stress in the normal 

direction was measured only for 25 mm plate. The plane stress condition was assumed for 6 mm plate, while no 

assumption was required for 25 mm plates, as RS was measured in three orthogonal directions.  

Fracture analysis  

Fig. 10a shows the normalized load vs crack mouth opening displacement (CMOD) for the 25.4 mm SENB 

samples; they had an initial crack length of ~18 mm corresponding to a/W = 0.45. The load was normalized by 

the reference load for each specimen (Po), when Po is defined in 66: 

𝑃𝑜 =
1.455(𝑊−𝑎𝑜)

2𝜎𝑦𝑠
𝑆𝐵𝑒

 (9) 

where 𝑎# is the initial crack length, 𝜎4) is the yield strength, S is the distance between the specimen supports, 

and 𝐵5 is the effective thickness of the specimen. Using this normalisation, the effects of minor variation in the 

sample dimension and initial crack length is therefore taken out of the graphs presented. To measure the crack 
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extension from the replicated cracks, an optical microscope was used to take macrographs from its either ends. 

The calibrated images were then used to measure the crack length details of which is given in 33. Table 2 shows 

how close were the final crack lengths measured from the silicon replicated cracks (aSRC) to the crack lengths 

measured form the fracture surface of the ruptured samples (aP). In order to meet the qualification requirement 

in ASTM 1820, The maximum difference between aSRC and aP should be less than 0.6 mm (0.15ΔaP) for 

samples with the dimensions used in this study. This requirement was met for FZ0 and FZ4 samples, while it is 

not the case in FZ2 where aSRC was 1 mm less than aP at the final loading stage. This highlights the limitation of 

using crack replication by silicon compounds. That is, the silicon compound was too thick to fully penetrate to a 

sharp crack such as the one in FZ2 sample. However, this error has minor effects on JQ evaluation as the 

formation and extension of the sharp crack was occurred at very last unloading sequences which were beyond 

the valid JQ evaluation 33. Since in the early stage of the loading, the crack was reasonably blunt, open, and 

short, the silicon compound was able to replicate it adequately. Therefore, the measured aSRC from the early 

unloading sequences are reliable. It worth noting that to evaluate the JQ from R-Curve only the data points that 

fall between the construction lines of 0.15 and 1.5 mm were used to fit a power law curve. 

It can be seen in Fig. 10a that the maximum normalised loads were 1.80, 1.64, and 1.58 kN for B25-FZ0, B25-

FZ4, and B25-FZ2, respectively. The parent specimen showed the lowest load capacity with maximum 

normalised load of 1.45. Although the FZ boundary or the area within its vicinity (e.g. HAZ) showed lower 

maximum load than B25-FZ0 and B25-FZ4 specimens, it was the sample which was extracted from the parent 

metal that showed the minimum load capacity. This is in agreement with the R-curve results shown in Fig. 12a, 

in which the crack initiation resistance of the B25-Parent was moderately less than the other samples. Having 

said that, the rate of load drop after reaching maximum load was smallest for B25-FZ2. This behaviour can be 

quantified by measuring the tearing modulus of the specimens which is discussed later in this section. The 

normalised load-CMOD graph for thin samples shows a similar behaviour (Fig. 11). That is, the parent sample 

showed the least loading capacity with the maximum normalized load of 1.28 while it was 1.43 and 1.48 kN for 

B6-FZB (1) and B6-FZB (2) samples with the EDM crack close to the FZB. Although the target area for B6-

FZB samples were to put the crack in the FZ boundary, an accurate positioning of EDM crack was impractical 

due to extremely narrow FZ with of about 1 mm in the thin plates. This variation in positioning the crack can 

explain the considerable variation in loading response and evaluated fracture parameters B6-FZB samples.   
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Fig. 10 Load-CMOD curve for 25 mm samples (a). Crack replication has performed on selected loading 

sequences showed by arrows. For the parent sample, replication was performed in 7th, 10th, 12th, 14th – 18th 

unloading sequences. An example of replicated cracks with silicon compound is shown in (b) 
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Fig. 11 Load-CMOD curve for 6 mm samples 

 

Table 2. Measured crack lengths from fracture surface and replicated crack at last loading sequence 

Sample aP (mm) aSRC (mm) Δa=aP-aSRC (mm) 

B25 - FZ0 21.61 21.49 0.12 

B25 - FZ2 22.30 21.31 0.99 

B25 - FZ4 21.85 21.75 0.10 

B6 – FZB (1) 20.50 20.26 0.37 

B6 – FZB (2) 20.95 20.31 0.64 

B6 - Parent 20.36 20.34 0.24 
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As it is already mentioned, an interesting point in Fig. 12 is that the minimum JQ was measured for the parent 

samples. This means that the parent sample had the lowest resistance to crack initiation. It should be noted that 

this sample was extracted in YX direction (see Fig. 3 for the coordinate system) when the crack growth 

direction was parallel to the rolling direction (see Fig. 2). Since retained δ-ferrite is a ductile phase at room 

temperature, its alignment in the rolling direction does not have unfavourable effect on toughness of austenitic 

stainless steels, specifically type 316L 37. This is an important finding which suggests when the crack is close to 

or in the ductile FZ, its resistance to initiation will be higher than the parent material in EB-weld. The crack 

growth resistance, however, was minimum in the HAZ for the 25.4 mm thick sample, while no HAZ was 

observed in thin sample. This can be shown by quantifying the crack growth resistance by tearing modulus, 

𝑇6 =
7
8=>

9:?
9(

, where 9:?
9(

 is the slope of the R-curve at a given amount of crack extension 67. Although JIC or KIC 

can quantify the crack initiation toughness, much higher loads may require for a crack to grow after initiation. 

This is particularly important in failure design of materials with excessive ductility such as austenitic stainless 

steels 67. The critical J-integral and TR have been evaluated for all samples (Table 3). TR was calculated at the 

intersection between 1.5 mm construction line and regression line fitted for corresponding specimen. To be 

size-insensitive, the estimated JQ values needs to meet the qualification conditions mentioned in both ASTM 

1820 32 or ISO 12135 48. The JQ and TR of FZ4 was 43% and 17% higher than the Parent sample, respectively. 

In both samples, the crack was placed in the parent region. What enhanced the crack initiation and resistance of 

the FZ4 sample rather the Parent sample was the very ductile FZ at the vicinity of the crack tip. That is, a 

portion of applied energy is spent to widen the plastic zone in the extremely ductile FZ before crack extends in 

the parent, while plastic deformation is limited to the crack tip region in the Parent sample. This effect could be 

more pronounced for thicker welds, larger crack lengths and extreme under/over matching 11, while EBW of 

type 316L produced a narrow FZ with insignificant over/under matching. Another interesting point in Fig. 12 is 

that the JQ of the thick plate was about 15% higher than thin plate which is not aligned with the expected effect 

of loss in out of plane constraint. It is likely that the thickness of 25.4 mm (1 inch) of thick sample was not 

enough to sufficiently constrained the crack tip region of type 316L steel due to its significant strain hardening 

capacity. Reduction in elastic-plastic fracture toughness of ductile materials by decreasing the specimen 

thickness and size has been observed in previous studies 49,69,70 and it has been attributed to the transition from 

tensile to shear fracture 49, 71 and violation of Jmax criterion 69,70. 

The crack initiation resistance of B6-FZB samples was higher than B25-FZ samples though. For example, 

measured JQ of B6-FZB (2) was 55% higher than B25-FZ0. Post-metallography examination showed that the 

EDM crack was slightly in the parent region in B6-FZB (1), while it was in the FZ side of the FZ boundary in 
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B6-FZB (2). This stands for the considerable variation in the evaluated JQ in these samples. Comparing the 

evaluated JQ of thin samples shows that it reduces by getting away from the weld region which is in agreement 

with what was observed for thick plates.   

It should be mentioned that the limits in ISO 12135 48 standard are twice as conservative as ASTM 1820 33. 

Table 4 shows that the measured JQ for all samples were higher than the measurement capacity of the 

specimens, therefore the reported JQ for these samples are size-sensitive (J 0.2BL(B) according to ISO standard). 

The required qualifications with respect to the crack front shape and length measurements were met in this 

study.  

 
Fig. 12 R-curves for thick samples with different notch placement with respect to the weld centreline (a), 

and thin samples (b) 

Table 3. Evaluated JQ, Jmax and tearing modulus (TR) for all samples 

Specimen JQ (kJ/m2) Jmax (kJ/m2) 
TR at the intersection with 1.5 mm 

construction line 

B25-Parent 879 520 476 

B25-FZ0 1450 469 751 

B25-FZ2 1108 468 384 

B25-FZ4 1256 522 559 

B6-Parent 761 271 527 

B6-FZB (1) 1764 273 278 

B6-FZB (2) 2241 273 316 

 

Table 4. Qualification of evaluated JQ 



 

  27 

Condition 
B25  B6 

Parent FZ0 FZ2 FZ4  Parent FZB (1) FZB (2) 

!𝒅𝑱𝒅𝒂"𝟎.𝟐	𝒎𝒎	𝒐𝒇𝒇𝒔𝒆𝒕	𝑪𝒐𝒏𝒔𝒕𝒓𝒖𝒄𝒕𝒊𝒐𝒏	𝒍𝒊𝒏𝒆
< 𝟏. 𝟖𝟕𝟓 × 𝝈𝑼𝑻𝑺  ✓ ✗ ✓ ✓  ✓ ✓ ✓ 

𝟐𝟎 × 𝑱𝑸
𝒇𝒍𝒐𝒘	𝒔𝒕𝒓𝒆𝒔𝒔 < 	𝒂𝒐, 𝑩, (𝑾− 𝒂𝒐) 

✗ ✗ ✗ ✗  ✗ ✗ ✗ 

 

To identify the microstructure of the crack growth region in B25-FZ2, B6-FZB(1) and B6-FZB(2), post 

metallography examination was conducted on the fractured region of these samples. The cross section of the 

fractured surface of B25-FZ2 is shown in Fig. 13. As it is mentioned in the methodology section, an EDM mark 

was used as the reference line for crack length measurement. The distance between the crack tip and this mark 

was 3 mm. The crack extension corresponding to this sample was 4.6 mm as indicated by Δa in Fig. 13. The 

high magnification image from the initial part of the crack extension shows that the crack extension has been 

occurred in the HAZ (HAZ had a width of about 300 µm) where significant grain coarsening was observed. The 

subsequent post fatigue cracking was occurred also in the HAZ. Therefore, the HAZ in 25 mm thick SENB 

sample was the weakest region in terms of resistance to crack extension. In addition, due to the high ductility of 

austenite grains, large voids have been created during the course of crack extension at the vicinity of the crack 

plane with a diameter ranged from 30 µm to 65 µm. 

Fig. 14 shows the micrographs of the cross section of the fractured surface of B6-FZB (1) and B6-FZB (2). As it 

can be seen the EDM notch was placed slightly off from the FZ boundary; slightly in the parent region for B6-

FZB (1) and slightly in the FZ for B6-FZB (2). In contrast with B25-FZ2 in which HAZ was the preferred path 

in fatigue post-cracking step, crack in the fatigue post cracking of thin plates propagated in a straight line, 

regardless of the microstructure variation in its way. This is an evidence of an outstanding integrity of EB-weld 

joints. The common feather in Fig. 13 and Fig. 14 is the significant crack tip deformation during the course of 

the fracture. Such deformation can bring the effect of the residual stress arising from high energy welding on 

fracture behaviour of the austenitic stainless steel type 316L into question.  
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Fig. 13 Metallography examination of the fracture surface of FZ2 sample (Part A) 



 

  29 

 
Fig. 14 Post-metallography of fractured samples with thickness of 6 mm and a/W = 0.45 

Although RS measurements showed that it was in the order of yielding strength of the material in the 

longitudinal direction of 25 mm EBW plates, considerable relaxation of weld-induced RS is expected due to 

excessive through thickness plasticity prior to crack initiation 11,15. In addition, weld-induced RS can be 

partially relaxed during sample extraction from the EBW plate and placing a notch with wire EDM. For 

example, Abburi Venkata et al. 68 predicted that the magnitude of the RS relaxation as a result of extraction of a 

fracture sample from a disimilar metal EBW plate can be as high as 50% of the peak measured RS. Moreover, it 

should be noted that in this study the maximum RS was measured in the longitudinal direction, while the axis of 

the crack opening force was in transversal direction. Therefore, it seems that the effect of residual stress in 

fracture toughness of EBW type 316L steels is not appreciable in comparison with the effect of microstructure 

variation due to welding process. This highlights the importance of a comprehensive understanding on the 

complex interaction between the microstructure, weld-induced RS, and crack tip plasticity for interpreting the 

fracture behaviour of the EB welded samples.  

 

CONCLUSION 

In this study, fracture behaviour of electron beam welded specimens of 316L austenitic stainless steel with 

two thicknesses of 25.4 mm and 6 mm was investigated. Microstructural examination showed a narrow heat 
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affected zone of about 300 μm in thick plate while no observable heat affected zone was evident in thin plate. 

Despite considerable microstructural gradient from parent to fusion zone, the microhardness maps did not show 

a notable over- or under matching. However, the textured microstructure was the likely reason for the 

significant decrease in the elastic modulus in the fusion zone. The weldments had not been post-weld heat 

treated thus their residual stresses fields were measured. Three different methods were employed to evaluate the 

orthogonal components of the weld-induced residual stresses. The peak residual stress in the longitudinal 

direction was measured to be in the base metal at about 5 mm and 1 mm away from the centre of the weld for 

the thick and thin samples, respectively. No residual stress triaxiality was observed contrary to previous similar 

studies on electron beam weld joints of austenitic stainless steel type 316L 68. The crack initiation resistance 

was measured in parent, fusion zone, and location of maximum tensile residual stress. In the 25.4 mm thick 

sample, the minimum crack initiation resistance was detected in the parent material while the samples with the 

crack in the location of maximum residual stress showed a higher critical J-integral than the parent metal. For 6 

mm thick samples, the crack initiation resistance was lower than 25.4 mm thick plates which is in contrast with 

the effect expected from of out of plane constraint. This behaviour can be attributed to a mixture effect of both 

the transition from tensile fracture to shear fracture by reducing the sample thickness as well as violation of Jmax 

criterion. . Small variation in the location of electro-discharge machined cracks with respect to the fusion zone 

resulted in considerable difference in the crack initiation resistance in thin samples.  This is in agreement with 

marked microstructural variation gradient observed in the micrographs of the samples. 

The minor contribution of the residual stress in the crack initiation resistance of the material was attributed 

to high level of residual stress relaxation because of (i) significant through thickness crack tip plastic 

deformation, and (ii) relaxation as a result of extracting the samples from the welded plates. 
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