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Abstract
At the heart of any procedure for modelling and assessing the design or failure of dissimilar material brazed joints there must be a basic understanding of the metallurgy and mechanics of the joint. This paper is about developing this understanding and addressing the issues faced with modelling and predicting failure in real dissimilar material brazed joints and the challenges still to be overcome in many cases. An understanding of the key metallurgical features of such joints in relation to finite element modelling is presented in addition to a study of the mechanics and stress state at an abrupt interface between two materials. A discussion is also presented on why elastic singularities do not exist based on a consideration of the assumption of an abrupt change in material properties and plasticity in the vicinity of the joint. In terms of modelling real dissimilar material brazed joints; there are several barriers to accurately capturing the stress state in the region of the joint and across the brazed layer and these are discussed in relation to a metallurgical study of a real dissimilar material brazed joint. However, this does not preclude using a simplified modelling approach with a representative braze layer in design and failure assessment away from the interface. In addition modelling strategies and techniques for assessing the various failure mechanisms of dissimilar material brazed joints are discussed. The findings from this paper are applicable to dissimilar material brazed joints found in a range of applications; however the references listed are primarily focussed on work in fusion research and development. 
1. Introduction
Dissimilar material joints can be found in a range of current and emerging applications such as gas turbines, spacecraft and nuclear power plants. Maximising the performance of such applications often requires structurally sound joints between materials of varying mechanical, chemical and thermal properties. One such emerging application where dissimilar material joints are commonplace is in the first wall and divertor of present day and next step thermonuclear fusion reactors. In this application, the materials facing the plasma have to withstand intense fluxes of charged and neutral particles in addition to incident power densities in the region of 20MW/m2. Consequently, the number of materials capable of withstanding such harsh environments are limited and diverse. As an example, in ITER carbon fibre composites and tungsten have been selected as the materials of choice for all plasma facing surfaces [1]. These plasma facing components are then joined to a high thermal conductivity heat sink material, in the case of ITER a precipitation hardened copper chrome zirconium alloy (CrCrZr), which in turn is joined to the surrounding structure fabricated from a 316L austenitic stainless steel [1]. Dissimilar material joining presents significant technological challenges and to highlight the problem the thermal and mechanical properties at room temperature of the candidate materials are summarised in table 1 [2]
	Material
	E (GPa)
	α (/°C)
	ν 
	σy (MPa)

	Pure Tungsten
	397
	4.5 x 10-6
	0.279
	1385

	CuCrZr
	128
	16.6 x 10-6
	0.33
	300

	316L Stainless
	195
	15.1 x 10-6
	0.3
	173


Table 1: material properties for use in the ITER plasma facing materials [2]
From a mechanics perspective, due to the differences in thermal expansion coefficients and Young’s modulus, high secondary discontinuity stresses can occur in the region of the joint as a result of the joining process. Furthermore, in operation these components are subjected to cyclic high-heat flux and mechanical loads [3]. Loading which is cyclic in nature, has been known to cause failure in various different plasma facing monoblock designs [3], including tile detachment [4] and cracking of attached cooling tubes [5]. In addition, more complicated helium cooled divertor mock ups are also known to fail during high heat flux testing [6]. 
One common technique that is used for joining dissimilar materials is brazing [1] [7]. In addition to mechanical challenges of joining dissimilar materials, the chemical compatibility and wettability of the materials used in the joint are key to manufacturing structurally sound joints using brazing [7]. The use of brazing as a joining technology provides several non-trivial challenges in relation to modelling and failure analysis of dissimilar material joints. Compared to other joining techniques such as welding, there is a lack of defined and agreed procedures for assessing such joints. In addition there exists the problem of obtaining temperature dependant material property data, not only for the materials being joined, but the brazing alloy too. In the fusion environment this is compounded by the use of exotic materials which can be non-ductile in nature in addition to overcoming the challenges in quantifying the long term effects of fusion levels of irradiation on such materials.
However, whilst these challenges exist, at the heart of any procedure for modelling and assessing the design or failure of dissimilar material brazed joints must be a basic understanding of the metallurgy and mechanics of the joint. Sections 2 and 3 of this paper are about developing this understanding. Section 4 of this paper focuses on addressing the issues faced with modelling and predicting failure in real dissimilar material brazed joints, the challenges still to be overcome in many cases and level of detail required in any brazed joint finite element model such that the correct stress concentrations are captured for any failure analysis.
2. The nature of brazed joints and current modelling approaches
To highlight some of the challenges involved in modelling dissimilar material brazed joints some of the key metallurgical features of such joints are highlighted below. Figure 1 shows a cross section of a dissimilar material brazed joint between CuCrZr copper alloy (Cu bal - 0.8Cr – 0.08Zr) and 316LN stainless steel (Fe bal – 16-18Cr – 10-14Ni – 2-4Mo – 2Mn – 1Si – 0.1N – 0.03C) joined using a nickel based brazed filler NB50 (Ni bal – 14Cr – 10P – 0.05Si – 0.03C – 0.01B ). In this particular joint, the braze layer is visible and is approximately 100µm wide and has three distinct phases which are highlighted in figure 1. It is also apparent that at the interface between the braze and the parent CuCrZr and 316LN there is a gradual transition region containing elements from the braze filler as opposed to a step change in material properties. 
An elemental analysis has been performed using a SEM to determine the composition of each of the phases present within the brazed layer and these results are shown in figure 1. The results show each of these phases has different chemical compositions. All three phases have traces of Fe (between 2 – 6 %), phase 1 has 23% Cu and phase 3 has 10% Cu. The initial composition of the braze has neither copper nor iron present hence these elements are clearly being transported into the braze through diffusion during manufacturing. The variation in the chemical composition of these three phases suggests that the material properties will vary considerably across the braze. It is also apparent that the copper rich phase 1 is present at both the braze – steel interface and the braze copper interface.

Figure 1: 316LN – NB50 – 316LN dissimilar material brazed joint cross section

Figure 2: Elemental analysis of transitional regions 
Figure 2 shows results from an elemental analysis across the braze – copper and braze - steel interfaces. The results clearly show a gradual variation in the composition between phase 1 in the braze and that of both parent materials highlighting the fact there is no step change in material properties. The width over which this transition happens can be estimated to be approximately 10-15µm based on these results shown in figure 2.
The presence of these features suggests that there will be a large variation in material properties over a relatively small scale which will provide considerable challenges when obtaining the relevant materials properties required to model such joints. Nanoindentation has been used to investigate the variation in hardness across the braze, the results are shown in the hardness map in figure 3.

Figure 3: Variation in hardness across NB50 braze layer
This hardness map shows there is a large variation in hardness within the braze layer which also suggests large variations in other mechanical properties such as modulus, coefficient of thermal expansion, yield stress and fracture toughness [8] which are all relevant to accurate simulation of residual stresses and subsequent joint performance. The scale over which these variations occur is at the same order of magnitude as the thickness of the braze and given the microstructure of the braze such variations are to be expected.
The relatively small scale over which these variations in material properties occur presents significant challenges when modelling dissimilar material joints. One current approach to modelling dissimilar material brazed joints has been to model an abrupt change between both parent materials and to ignore the presence of the braze layer completely [9 - 11].  Another modelling approach has been to model the braze layer as a separate material [12 - 17]. This approach assumes an abrupt change in material properties at the interface between both parent materials and the braze filler. It is also invariably assumed that the material properties of the braze are the same in the as supplied condition as those after joining and that the brazed layer is a homogenous material through the thickness from the braze. The validity of these approaches is discussed in further sections of this paper.
3. The mechanics and stress state in a typical joint between dissimilar materials
3.1 Stress state in an elastic dissimilar material joint
Whilst to fully capture the stress state in a real dissimilar material joint the brazed layer and joining process must be accounted for [18], a simple joint approximation with an abrupt interface between two dissimilar materials can still be informative in terms of gaining an understanding of the features of the stress field in the region of a dissimilar material interface and the key relationships in material properties driving the mechanics and hence failure in the joint.
The stress state at the interface of an abrupt change in material properties using both a theoretical approach and finite element analysis (FEA) has been the topic of much previous research [19 - 21]; however it is pertinent to understand the key features of the stress state that will form of the basis of future discussion. As briefly outlined above, due to differences in thermal expansion coefficient, Young’s modulus and Poisson’s ratio, large stresses can develop in dissimilar material joints under thermal and mechanical loading particularly along any free edge in the region of the interface. It has also been shown that for simple butt joint geometry largest component of stress is perpendicular to the interface at the free edge [19] however other stress components are significant and could contribute to failure. To highlight the key features of the stresses perpendicular to the free edge results from a simple plane strain FEA model between two dissimilar materials under an applied bulk thermal load is shown in figure 4:

Figure 4: Free edge stress perpendicular to the interface in a simple dissimilar material joint under thermal loading
Firstly, due to this particular relationship of elastic properties (E1, E2, ν1, ν2) an analytical singularity exists at the interface hence as the interface is approached the stresses in both materials tend, in this instance, to negative infinity along the free edge [20 - 21]. It is known in an elastic analysis, converged results are never obtained on the nodes at the interface, and within one element adjacent to the interface. However, the singularity only has an effect in the proximity of the interface (the region of which can found by establishing the range across which the stress distribution obeys a power law fit) [19]. Outwith this region there is what can be a termed a local stress concentration, i.e the stress concentration due to the interface that is not influenced by the singularity. This can be illustrated in the context of the stress distribution in material 2 in figure 4. Remote from the interface there is a region of tensile stress along the free edge (c. y = 50mm to y = 90mm), however as the interface is approached this stress distribution begins to tend to negative infinity as the singularity at the interface begins to dominate the stress distribution. The concept of singular stresses and local stress concentration will now be discussed in more detail.

3.2 The nature of elastic stress singularities
Elastic stress singularities exist in a range of problems such as point loads, point constraints, internal re-entrant corners and abrupt changes in material properties. The singularity which exists at the abrupt change in materials properties has been investigated extensively theoretically [19 - 21] and the pertinent points in terms of this work are summarised in this section.
The stress state at an interface between an abrupt change in linear elastic materials can be described by equation 1 [19]:

Equation 1
Where ω is defined as the stress singularity exponent, which is essentially a measure of how singular the relationship in material properties is (note at r = 0 (distance from interface), σij(r,θ) = ∞). This stress singularity exponent can be either positive (i.e stress at the interface is infinite) or negative (no singularity and the stress state is bounded), however for the majority of real material combinations the stress singularity is positive and an analytical singularity exists [20]. In this case, even for very small changes in stiffness the theoretical elastic stress at the interface when an abrupt change in properties is assumed is infinite under a small mechanical or thermal load in both materials. As well as there being a metric for the strength of singularity that exists between two linear elastic dissimilar materials, it has also been shown [21] that the sign of the singular stress at interface can be either negative or positive.
3.3 Do elastic singularities exist in real dissimilar material joints?
The presence of these analytical singularities as predicted by linear elastic theory leads to the question of whether they actually exist in real dissimilar material joints. As mentioned in the previous section for the majority of real dissimilar material combinations, the relationship in material properties will result in a theoretical singularity at the interface. Therefore in such joints the stresses at the interface are theoretically infinite under an infinitesimally small mechanical or thermal load which should result in failure of such joints. This however, is obviously not the case as  satisfactory dissimilar material joints with free edges (including ceramic – metal joints) can be found in a number of applications. Therefore in reality, the theoretical infinite stresses predicted by the elastic theory do not exist and the reasons for this are discussed in this section.
Firstly, the linear elastic theory described in the previous chapter assumes a step change in material properties. In reality, as shown above, this step change will never occur and there will be some form of grading across a transition region of finite width, albeit over an extremely small scale. In the case of dissimilar material brazed joints, this will occur due to a gradual transition region containing elements of the filler as highlighted in figure 2. Therefore there is never a true step change in material properties i.e. it is not simply a case of one molecular structure starting and the other finishing abruptly. Therefore the theoretical singular stresses predicted by the theory and linear elastic FEA will never exist in reality. However the length scale over which this transition happens is extremely small (shown to be c. 10µm for a copper to steel dissimilar material brazed joint – see figure 1) and even though the stresses will not be infinite due do this change, it is postulated that they will be extremely high compared to any material limit.
The second reason is analogous to the Linear Elastic Fracture Mechanics (LEFM) explanation which describes why sharp cracks in brittle materials do not fail under an infinitesimally small applied load but rather only if the applied load is raised to a critical value. In LEFM it is reasoned that inelastic deformations in real materials, even those that fail in a brittle manner, make the assumption of linear elastic behaviour in the region of the crack tip highly unrealistic [22]. This was verified by a series of studies performed by Orowan [23] who, using x-rays proved the presence of extensive plastic deformation on cracked surfaces of samples which failed in a brittle manner. Hence, in the analysis of dissimilar material joints, in a similar fashion to fracture mechanics, the major reason that the theoretical infinite stresses predicted by the elastic theory do not exist at the interface of dissimilar material joints is due to plasticity effects in real materials, even those that are known to fail in a brittle manner.  The presence of dislocations due to plasticity at the interface of Si3N4 ceramic to Si3N4 ceramic joints brazed with copper based filler has been proven experimentally using a TEM by Singh [24] and a significant amount of theoretical work has been done to predict the size of the plastic zone theoretically [25]. In addition to plasticity effects blunting the theoretical singularity, inelastic behaviour due to creep will also have a similar effect.
3.4 The constraint mechanism at a dissimilar material joint interface
If the singularity is neglected and only the local stress concentration is considered, it is useful for engineers to understand the mechanism causing the high stresses in the first place, namely the constraint on free expansion of both materials in the region of the joint. 
Consider the simple 90° dissimilar material joint as shown in figure 5, where E1 = E2, ν1 = ν2, but α1 = 2 x α2. Assuming both materials are initially of equal widths L, under a uniform thermal loading the thermal expansion in material 1 will be twice that of material 2. To maintain compatibility of displacements of both materials at the interface, equal and opposite constraining forces and moments are developed in both materials as shown in figure 5. It is these internal forces, developed due to the constraint on free expansion at the interface which results in high stresses in the region of the joint.

Figure 5 - Expansion and free body diagram of different materials at interface
 Given the deformed shape, it is expected that material 1 would develop a compressive σx and material 2 a tensile σx given the relative deformed shape. In addition, the free edge of material 1 would develop a tensile σy and material 2 a compressive σy due to the compatibility constraint. In this case the greater the difference in CTE, the larger this constraining effect hence the larger the stress perpendicular to the interface. The magnitude of the stresses will also be dependent on the Young’s modulus of the materials. For a given differential expansion with stiffer materials, a greater constraint is required to maintain compatibility and hence more severe local stress state will arise.
A similar argument can be used to describe the stress field surrounding the interface under an isothermal uniaxial mechanical load when the materials have equal Poisson’s ratios but different Young’s modulus e.g E1 = 2 x E2, ν1 = ν2. For a given externally applied remote stress perpendicular to the interface σ∞, εy in material 1 will be half of εy in material 2 remote from the interface due to the difference in the Young’s modulus. In the case where the Poisson’s ratios are equal, εx in material 1 will be half εx in material 2. This case is now analogous to the case described above and the same argument for development of internal stresses holds. Hence, in this case minimising the difference in stiffness will reduce the constraint on expansion and reduce the geometrical stress concentration at the interface. 
3.5 The effect of properties on singularity strength and local stress concentration
To investigate the effect of material properties on the strength of singularity and local stress concentration due to the interface a series of cases have been analysed using both linear elastic dissimilar material joint theory (as discussed in section 3.2) and FEA. The geometry used is identical to that in figure 4 and only a bulk thermal heating load of ΔT = 500°C from a stress free temperature of 20°C has been considered. The cases analysed are summarised in table 1:
	Case No
	E1 (GPa)
	E2 (GPa)
	ν1
	ν2
	α1 (/°C)
	α2 (/°C)
	ω

	1
	400
	100
	0.3
	0.3
	4 x 10-6
	16 x 10-6
	0.112

	2
	400
	100
	0.3
	0.3
	4 x 10-6
	8 x 10-6
	0.112

	3
	200
	100
	0.3
	0.3
	4 x 10-6
	16 x 10-6
	0.037


Table 1: Summary of cases analysed
3.5.1 Effect on singularity strength
The stress singularity exponent, ω, for each case is also shown in table 1. The strength of the stress singularity exponent is dependant solely on the geometry of the joint, the Young’s modulus and Poisson’s ratio of the joined materials. It is independent of the coefficients of thermal expansion of the joined materials. When the Poisson’s ratio of the materials joined are similar, the stress singularity exponent increases with increasing difference in effective moduli [19] as shown in table 1 and figure 6.
These relationships in material properties under bulk temperature heating should result in a negative singularity [21] in both materials. The free edge FEA stress distributions for cases 1 -3 in table 1 are shown in figure 6 and it is clear in each of these cases the singularity is causing the stress perpendicular to the interface to tend to negative infinity.
3.5.2 Effect on local stress concentration
In cases 1 and 2, the difference in Young’s modulus of both materials is constant (hence singularity strength is the same), however there is greater difference in coefficient of thermal expansion in case 1. This results in a larger constraint at the interface and hence larger local stress concentration away from the joint. This can be seen in figure 6 as the stress outwith the zone of influence of the singularity is greater in both materials for case 1 than case 2 (e.g at y = 80 and 120 mm).
In cases 1 and 3, the coefficients of thermal expansion are the same however material 1 has a lower stiffness case 3 than in case 1. In this case the singularity strengths are different as described in section 3.5.1, however the thermal strains due to heating will be the same. In material 2, outwith the zone of the singularity, the stress perpendicular to the interface due to the constraint mechanism is similar in both cases as material 2 has constant Young’s modulus (e.g at y = 80mm). However in material 1, the Young’s modulus is larger in case 1, hence the degree of constraint and hence local stress concentration is larger (e.g. at y = 120mm).
This simple example, as well as giving an insight into the elastic stress state, show’s that local stress concentration effects can be fully explained using the constraint mechanism described in section 3.4. 

Figure 6: Free edge stress perpendicular to the interface for cases 1 – 3
It should be noted that despite this relationship in material properties resulting in negative singularity, there is a large converged tensile stress in material 2.  In addition to these large tensile stresses perpendicular to the interface along the free edge there are other significant stress components however the largest stress component is perpendicular to the free edge.
3.6 Mechanical vs thermal induced stress fields
The stress state in dissimilar material joints under a mechanical only load has the same characteristics in terms of a local stress concentration and a singularity as under thermal loading and this is highlighted in figure 7. Figure 7 shows the free edge stress distribution for a uniaxially applied tensile stress of σ∞ = 200MPa:

Figure 7: Free edge stress perpendicular to the interface for case 1 under mechanical loading
In the case of mechanical loading, away from the interface the stress is equal to the externally applied field stress, however as the interface is approached the presence of the local stress concentration and the analytical singularity is clearly visible. In this particular case the local stress concentration is caused by a similar mechanism to that in the thermal loading case, i.e it results from the constraint at the interface due to compatibility requirements and a difference in strain parallel to the interface. As material 2 is less stiff than material 1, under a uniaxial applied load σ∞ , εy will be greater in material 2 and hence εx will be greater in material 2 as the Poisson’s ratios of the materials are equal and it is this which induces the constraint. The effect of this on the local stress concentration causes a reduction about the uniaxially applied stress in material 2, and an increase in material 1. Adjacent to the interface the singularity is causing the stress to tend to positive infinity. 


3.7 Effect of plasticity on dissimilar material joints behaviour
In section 3.3 it has been argued that the effect of plasticity, even in materials that are known to fail in a brittle manner, is one of the major reasons that the theoretical infinitely high stresses predicted by the elastic theory do not exist at a dissimilar material joint interface. This poses the question of how plasticity in a real material is likely to influence the mechanics of the joint. This section aims to illustrate what happens to the stress state in a brittle material when it is joined to a ductile elastic –plastic material. 
For this, an additional set of cases have been analysed. These have been performed on an axisymmetric joint model with similar elastic properties to case 1 in section 3.5. For these cases the joint has been cooled from an assumed stress free temperature of 1000°C to represent a manufacturing process such as brazing or diffusion bonding. In each of these cases material 2 has a bilinear kinematic hardening plasticity law with a yield stress of 200MPa and a varying tangent modulus as per table 2. Figure 8 shows the free edge σy stress distributions for each of these cases.
	Case No
	E1 (GPa)
	E2 (GPa)
	ν1
	ν2
	α1 (/°C)
	α2 (/°C)
	σyield2 (MPa)
	Etan2 (GPa)

	4a
	400
	100
	0.3
	0.3
	4 x 10-6
	16 x 10-6
	∞
	N/A

	4b
	400
	100
	0.3
	0.3
	4 x 10-6
	16 x 10-6
	200
	50

	4c
	400
	100
	0.3
	0.3
	4 x 10-6
	16 x 10-6
	200
	10

	4d
	400
	100
	0.3
	0.3
	4 x 10-6
	16 x 10-6
	200
	0.01


Table 2: Summary of cases analysed with plasticity


Figure 8: Free edge stress perpendicular to the interface for cases 4a – 4d under thermal cooling 
Results from cases 4a-4d show that as the tangent modulus of elastic-plastic material 2 decreases, the stress in the brittle material in the region of the joint decreases. From a practical perspective this makes sense and can be explained by a reduction of the constraint at the interface as per the mechanism described in section 3.4. 
Based on this finding it should be noted that when analysing dissimilar material joints, assuming an elastic – perfectly plastic material model is non-conservative. This is because it fails to account for the strain hardening of the material after yield and the additional constraint that this strain hardening induces. In a real material, the material will strain harden after yield and will never have a zero stiffness as assumed by an elastic-perfectly plastic material model.
To illustrate this plasticity protection further, the results from previous research on joining of ceramic to stainless steels can be explained in relation to these findings. The experimental results presented in [17] are based on a series of joints fabricated joints between a common ceramic and different grades of a stainless steel produced using a constant brazing process (filler and brazing process the same). One of the key findings was that in a steel with a lower yield stress but higher difference in coefficient of thermal expansion was easier to join than with a steel with the opposite trend in material properties. From an elastic perspective the higher difference in thermal expansion will increase the constraint on the ceramic at the interface and hence result in higher stresses in the region of the interface. However, the lower yield stress is obviously alleviating these higher elastic stresses and protecting the brittle ceramic by reducing the constraint at the interface.
3.8 Effect of joint geometry
In terms of dissimilar material joint design, the functional requirements of a structure dictate that certain material combinations are required to be joined therefore material selection is often a design variable which is outwith the control of the designer. In such instances joint geometry is a variable that can be used to improve the mechanics of the joint. Whilst a full investigation into how the geometry influences the mechanics of a dissimilar material joint is outwith the scope of this paper, the key findings from previous research in relation to this are summarised. In addition to joint geometry, ductile interlayers and functionally graded materials have been developed to reduce the effect of a step change in properties by gradually transitioning between the two parent materials [26 – 29].
From a theoretical perspective, Kelly [20] has shown that for material properties which give rise to singularities in 90° butt joints, analytical singularities can be removed through the use of a scarf joint. This has been investigated experimentally by Blackwell et al [30] who showed that for a series of dissimilar copper to molybdenum brazed joints the strength of the joint increased with an increasing degree of joint edge angle. This was however up to a certain angle where failure of the joint was in the copper away from the interface. After a certain angle the joint failed in the interface due to shearing effects because of the scarf joint geometry [30].
 Xu et al [31] showed through both finite element analysis and an experimental investigation that free edge stress singularities could be removed in dissimilar material joints through the use of a convex interface geometry.  The effect of removing the free edge singularity resulted in a 81% increase in ultimate tensile strength of the joint for a polycarbonate to aluminium joint. Baladi et al have also shown that the stress concentration at interface can be reduced using a convex joint design [32].
4. Thoughts on approaches to modelling and assessment of dissimilar material brazed joints
As mentioned in the introduction, dissimilar material brazed joints can be found in a range of current and emerging applications such as the first wall and divertor of present day and next step thermonuclear fusion reactors. In operation these components are subjected to cyclic high-heat flux loads in addition to intense fluxes of charged and neutral particles [3]. Under loading which is cyclic in nature, the high thermal stresses due to any mismatch in material properties have been known to cause failure. 
Whilst recognising the challenges in obtaining the relevant material property data in both the unirradiated and irradiated state, this section focuses on addressing the issues faced with modelling and predicting failure in real dissimilar material brazed joints, the additional challenges still to be overcome in many cases and level of detail required in any brazed joint finite element model such that the correct stress concentrations are captured for any failure analysis.
4.1 Manufacturing residual stresses 
When trying to predict the stress in real dissimilar material joint the residual stresses due to joint manufacture will have to be taken into account [18] [33]. The presence of these residual stresses has been the topic of previous research [12] [15] [33] and stress relief will be problematic due to the mechanical properties of the adjoined materials. The residual stresses will affect the various failure mechanisms, as discussed in the following sections, and must therefore be accounted for when trying to predict the stress distribution in dissimilar material joints.
4.2 Braze layer modelling
When two dissimilar materials are joined by brazing, a thin braze layer exists at the joint between the two materials as discussed in section 2. Given the constraint mechanism explained in section 3.4, it follows that the mechanical properties of this thin layer may play a key role in the mechanics of the joint. If for example the braze filler was extremely stiff relative to the parent materials, the degree of constraint at the free edge will be large. If however the stiffness of the material was relatively very low there would be very little constraint on the materials being joined. It is therefore important to model the brazed layer if the stress state in the joint is to be accurately captured. The practice of neglecting the braze layer is effectively assuming that the braze layer and diffusion regions have exactly the same properties (mechanical and thermal) as one of the materials being brazed.
The approach of modelling the braze layer as a separate material presents several non-trivial challenges. Firstly, due to the relatively small thickness of a brazed layer (c. 100µm - figure 1), extremely small mesh sizes are required if it is to be included in a model. There also exists the problem of obtaining temperature dependant material property data for the brazed layer. Such data is sparse and any material property characterisation is likely to be based on the as supplied brazed filler with the assumption that the material properties of the braze are the same in the as supplied condition as those after joining. This fails to account for the effect of the diffusion of elements from the parent material into the filler as well as different cooling rates which will affect grain size, microstructure and hence yield stress - which has been shown in section 3.6 to play an important role in the performance of the joint. 
In addition, as highlighted in section 2, the microstructure of the brazed layer in a 316LN – CuCrZr brazed joint shows three very distinct phases with large variations in hardness, in addition to transitional regions at the interface between the parent materials. The current practice in modelling brazed layers assumes it to be a homogenous material across the thickness of the braze and fails to take into account the presence of these large variations in material properties that can occur within the braze. It also assumes an abrupt change in properties between the braze and both parent materials and fails to take into account any transition zones between as highlighted in figure 3. As a consequence of this abrupt change in properties, converged finite element results will never be obtained at the interface.  An idealised brazed joint will therefore fail to model the correct material properties, including fracture toughness and fatigue strength and will also produce large discontinuity stresses at the interface (often a theoretical singularity in the elastic case).
Clearly, these all must be considered when modelling at such a small scale. In reality, due to these factors discussed, it is unlikely that accurate modelling of the stress state very close to, and across the brazed layer will be possible. Hence alternative techniques based on experimentally derived test results will be required to predict failure in close proximity to the interface and these are discussed in the next section.
It has however been shown that dissimilar material joints can fail away from the interface [17] [30] [34 - 35] in the parent materials and as such in some instances it may not be necessary to fully capture what is happening very close to and across the interface although the degree of constraint and local stress will have to be accurately modelled. In cases such as this, if a braze layer with representative properties is used which applies a representative constraint on the model, the reproducible representative converged stresses can be obtained away from the interface [12] [15], which will allow failure to be assessed using the methods discussed in 4.3. 
In addition, using a simplified approach to model the brazed layer does not preclude its use in design. A simple joint approximation with an abrupt interface between a braze and two dissimilar materials can still be informative in terms of comparing the stress fields away from the interface and comparing different joint designs as long as the degree of constraint due to the braze is accurately represented.


4.3 Dissimilar material joint failure modelling approaches
The appropriate modelling strategy when assessing failure in a dissimilar material brazed joint is linked to the specific failure mechanism being considered as discussed in the following sections. In all cases capturing the constraint due to the interface will be important, however detailed stress distributions in the region of the joint may not always be necessary.
Many of the strategies suggested require experimentally derived failure criterion which account for the complex metallurgy of the braze as discussed in previous sections, albeit in a “smeared” manner. This experimental data will only be valid for the materials being joined, the braze filler adopted and the joining process used. As indicated previously, residual stresses due to joint manufacturing cannot be neglected when performing a failure analysis and in general must be accounted for. 
This section reflects on the level of detail required in any brazed joint model such that the correct stress concentrations are captured for any failure analysis as described in previous sections. Creep, irradiation and environmental effects (such as erosion and corrosion) have not been accounted for, however in future, as fusion devices move towards less cyclic, steady state operational modes, there will be an increase in focus on creep as a failure mechanism. Additionally other aspects such as misalignment and quality of braze would have to be considered in any component design code of practice. 
4.3.1 Brittle Failure
4.3.1.1 Away from the interface
Brittle failure is generally assessed by comparing a maximum principle stress with an allowable for the parent material. Hence in a dissimilar material brazed joint, this requires the constraint due to the brazed layer to be accurately represented through the use of a simplified braze layer model as described in section 4.2, in addition to the residual stresses developed during joint manufacture. The mesh refinement would need to be such that it fully captures the local stress concentration due to the interface as per figure 6.
4.3.1.2 Interface failure
When assessing failure at the interface, residual stresses due to joint manufacture must be accounted for in spite of the challenges in predicting the stress state at the interface. These residual stresses are not accurate at the level fracture will occur when a simplified braze layer is assumed.
Interfacial fracture mechanics methods have been developed to assess decohesion and cracks in dissimilar material interfaces and have been the topic of previous research [36 – 43] and such procedures could be developed for the brittle failure assessment of the interface of dissimilar material brazed joints.
Structural hot-spot stress techniques [44 - 47] are not commonly used to assess interfacial failure in brazed joints however they could also be adapted to predict failure at the interface of dissimilar material joints by obtaining a representative stress that is used to compare with an experimentally derived allowable stress.
At the heart of any procedure to assess brittle failure at the interface, experimentally derived failure criterion is required which inherently accounts for the complex metallurgy of braze discussed in previous sections.
4.3.2 Interface Fatigue
In a similar fashion to assessing brittle failure at the interface, when assessing interface fatigue the residual stresses due to joint manufacture must be accounted for.
Techniques such as the use of fatigue strength reduction factors or structural hot-spot stress techniques [44 - 47] could be adapted to assess interfacial fatigue in dissimilar material brazed joints. In addition cohesive zone modelling [48 - 52], which idealises complex fracture mechanisms with a macroscopic cohesive law which relates failure of the interface to its separation, could also be developed [53].
Again, at the heart of any procedure to assess fatigue at the interface, an experimentally derived failure criterion is required which accounts for the complex metallurgy of the braze layer discussed in previous sections. 
4.3.3 Plastic collapse
Plastic collapse only occurs under a primary load and cannot occur due to secondary thermal loading alone. It can of course occur as a result of additional primary loads induced by buckling caused by secondary thermal loading. Methods for assessing gross plastic deformation of structures generally [54] do not require the modelling of small details such as welds [54]. In addition residual stress fields are invariably not accounted for as they are assumed to be self equilibrating and do not generally affect the limit state.
In the case of dissimilar material brazed joints, accurately capturing the local stress concentration effects due to the interface and stress distribution across the braze is not required. However the effect of the constraint due to the braze on any geometrical field stress or gross stress concentration must be accurately captured and hence a simplified braze layer should be included in any model. 
4.3.4 Ratcheting
Modelling ratcheting behaviour generally requires the local stress concentrations to be modelled [54]. Hence in the case of performing a ratcheting analysis on a dissimilar material brazed joint, the local stress concentration due to the braze must be captured and hence a representation of the braze layer must be modelled. The initial ratcheting behaviour will also be influenced by the as-brazed residual stress field and must also be accounted for in such an analysis.
4.3.5 Buckling
The degree of stiffness provided by end fixity due to a brazed joint will generally be important for a buckling analysis concerning attached members or components, hence in these cases obtaining a value for the joint stiffness’s through experimentation would be advisable. However accurately capturing the local stress concentration at the interface and across the braze will not generally be required in a global buckling analysis. Modelling post buckling behaviour could involve other failure mechanisms and hence reference should be made to the above sections.
Buckling behaviour could also be influenced by the joining process, if for example the brazing process resulted in a global residual field stress being induced in an assembly and this would have to be accounted for in any buckling assessment.
5. Summary and conclusions
The metallurgical features of a CuCrZr – 316LN dissimilar material brazed joint have been presented. It has been shown that are various phases present within the braze which include elements diffused from the parent materials. These phases have large variations in hardness which suggests large variations in other material properties. There are also clear transitional regions at the interface between the braze and both parent materials.
By developing an understanding the of the stress state at the abrupt interface between two dissimilar materials it is has been shown that different relationships in material properties will affect the free edge stress distributions in the region of the joint based on the constraint due to the interface and, in most cases, the analytical singularity that exists in an elastic model. It has however been argued that such elastic singularities do not exist in practice due to the absence of an abrupt change in material properties which has been supported by the evidence presented in the metallurgical study. It has also been argued that, in a similar fashion to linear elastic fracture mechanics, the theoretical infinite stresses predicted by the elastic theory do not exist at the interface due to plasticity effects in real materials, even those that are known to fail in a brittle manner. Furthermore, it has also been shown that plasticity in one material provides a protection mechanism for the joint and limits the stresses induced in the joined material.
In terms of modelling real dissimilar material brazed joints; there are several barriers to accurately capturing the stress state in the region of the joint and across the brazed layer, as highlighted by the findings of the metallurgical investigation. At the heart of any procedure to assess failure at the interface, an experimentally derived failure criterion is required which inherently accounts for the complex metallurgy of braze. However this does not preclude using a simplified braze layer with representative material properties in design and assessing failure away from the interface. The modelling strategy required when assessing failure of dissimilar material brazed joints is dependent on the failure mechanism. In summary and in general:
· When assessing brittle failure away from or at the interface, the constraint due to the braze and residual stresses due to joining must be accounted for hence a representation of the braze layer must be modelled.
· When assessing plastic collapse accurately capturing the local stress concentration effects due to the interface and stress distribution across the braze is not required. However the effect of the constraint due to the braze on any geometrical field stress or gross stress concentration must be accurately captured and hence a representation of the braze layer must be modelled.
· When assessing ratcheting, the local stress concentration due to the braze must be captured and hence representation of the braze layer must be modelled. The initial ratcheting behaviour will also be influenced by the as-brazed residual stress field and hence must be accounted for in such an analysis.
· When assessing buckling, accurately capturing the local stress concentration at the interface and across the braze will not generally be required. However the degree of stiffness provided by end fixity due to a brazed joint will be important for a buckling analysis concerning attached members or components, hence in these cases obtaining a value for the joint stiffness’s through experimentation would be advisable.
The work presented throughout this paper is not only relevant to brazed joints but also dissimilar material joints manufactured by other processes. 
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