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Abstract 

This paper presents a study on the effects of thermal autofrettage on the residual stresses in a 

Titanium – Copper brazed joint. It is shown that cryogenic thermal autofrettage has the potential to 

alter the residual stress field due to joining, in a manner that should result in an improvement in the 

subsequent operational fatigue performance of dissimilar material joints. Beneficial change in the 

residual stress field in the less-ductile component of the joint is apparent and desirable constitutive 

characteristics of the braze material to enhance the final residual stress field are also highlighted. 

Results from the finite element simulations are validated using experimental residual stress 

measurements produced using X-ray Diffraction. The characteristics of the process and the findings 

of the work presented should also be relevant to dissimilar material joints manufactured by other 

processes. 
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1. Introduction 

Residual stresses in dissimilar material joints have received significant attention in recent years and 

this is largely due to the damaging effects of these self-equilibrating stress fields on the fatigue and 

fracture behaviour of the joints. These studies cover a range of joining processes [1][2] including 

brazing [3][4][5]. Previous work has shown that finite element analysis (FEA) can be used to predict 

the residual stresses in a simple cylindrical Ti/72Ag-28Cu/Cu brazed joint and that due to 

relationships in parent material properties, the Ti develops a tensile axial and hoop residual stress 

along the free edge, with the Cu developing a compressive axial and hoop stress [6]. 
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It has also been reported that in a similar fashion to the Ti/72Ag-28Cu/Cu joint, due to a similar 

relationship in material properties, for a range of brazed joints between a brittle material (W or 

ceramic) and a ductile material (stainless steel) the brittle material develops tensile axial and hoop 

residual stresses, while the ductile material develops compressive axial and hoop residual stresses 

[3][7]. The presence of large tensile residual stresses in a brittle material is generally undesirable and 

could reduce both the fatigue and ultimate strength of the joint. Due to the difference in material 

properties, stress relieving of these residual stresses is unlikely to be fully effective. 

Thermal autofrettage has the potential to reduce the damaging tensile residual stresses that exist in 

a dissimilar material brazed joint due to the joining process. This involves cooling the joint after 

brazing to induce plastic work in the joint, caused by the differential thermal contraction of the 

materials, which in turn results in a reduction of the tensile residual stresses developed during 

joining. A detailed literature search has revealed that very little has been published in relation to the 

use of thermal autofrettage in general and as a post-joining process in particular. 

In 2002, Barbero and Wen published details [8] of a “novel” thermal autofrettage process applied to 

composite metal-lined cryogenic pressure vessels, for which conventional mechanical autofrettage 

was not feasible. Kargarnovin, Zarei and Darijani used thermal autofrettage as a strengthening 

mechanism in a study of thick-walled spherical pressure vessels [9] in 2004. This study involved an 

elastic-perfectly plastic material model, did not involve dissimilar materials and relied on thermal 

gradients to induce plastic stresses. Darijani, Kargarnovin and Naghdabadi extended this work to 

linear strain hardening materials [10] in 2009. 

The mechanism of thermal autofrettage is described in relation to the more common mechanical 

autofrettage process used to increase the durability of pressure vessels. Finite Element Analysis of 

the thermal autofrettage process has been conducted on both an idealised dissimilar material 

brazed joint without a brazed layer (a common but limited idealisation [11]) between an idealised 

ductile and brittle material and also in a dissimilar material joint with a brazed layer, namely a 

Ti/72Ag-28Cu/Cu joint. The effect of thermal autofrettage on the residual stresses in the Ti/72Ag-

28Cu/Cu brazed joint is also examined using X-ray Diffraction (XRD) and comparisons made with the 

FEA predictions. 

2. Thermal autofrettage of dissimilar material joints 

In contrast to thermal autofrettage, mechanical autofrettage is a process that is commonly used to 

increase the load carrying capability and fatigue resistance of pressure vessels by internally 

pressurizing the structure beyond yield. This in turn induces beneficial compressive residual stresses 
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at the bore and enhances the yield stress in work hardening materials. The process of inducing 

compressive residual stresses by exceeding yield is highlighted in the following example of a beam in 

bending [12]. 

Yield occurs in the outer fibres of the beam when the applied moment M, equals the yield moment 

Myield. If this moment is then increased to 1.5 x Myield plastic strains develop through the thickness. 

(Note: an applied moment of 1.5 x Myield corresponds to the limit load for a rectangular beam. In 

reality the autofrettage loads are generally far less than the limit load of the material).  If this applied 

moment is then removed, local elastic unloading occurs parallel to the original elastic loading line as 

shown in Figure 1. The stress on the outer fibre does not return to zero when a moment of 1.5 x 

Myield is removed, but instead a residual stress of -0.5 x σyield develops in the outer fibres. The graphs 

of applied moment and local stress on the extreme tensile fibre throughout this process are shown 

in Figure 1. 

Due to the linear unloading, the stress distribution across section at limit load can be taken as the 

starting point to superimpose the unloading stresses to calculate the residual stress state as shown 

in Figure 2. 

The effect of this self-equilibrating residual stress distribution is to extend the elastic range by 50% 

and induce beneficial compressive residual stresses on one surface of the beam, potentially 

influencing various failure mechanisms, including fatigue [11].  

This principle of “over-loading” a structure to induce a beneficial compressive residual stress 

distribution can also be used to reduce the tensile residual stresses that can be found in dissimilar 

material joints due to the joining process. In this case the proposed loading is a cryogenic steady 

state temperature and the stresses arise from constraint on thermal contraction. This more unusual 

process of autofrettage can be achieved by cooling the brazed joint in a cryogenic freezer with either 

liquid nitrogen or helium. Figure 3 highlights the thermal autofrettage of a dissimilar material joint 

(neglecting the braze). In this example, an elastic material 2 (i.e. assumed not to yield for the 

purpose of this illustration) is being brazed to an elastic-perfectly plastic material 1. Material 1 is 

assumed to have a greater coefficient of thermal expansion than material 2 and a lower Young’s 

modulus [11].  

Initially, both materials are at a stress free state at the brazing temperature of 800°C (a). During 

cooling from the brazing temperature of 800°C to room temperature (b), the constraint of the 

interface due to the differential thermal expansion causes a compressive axial residual stress to 

develop in material 1, with a tensile residual stress developing in material 2. During cooling to room 
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temperature, plasticity develops in material 2 in close proximity to the interface. When an elastic–

perfectly plastic material model is assumed for material 1, upon yielding the stiffness of material 1 

reduces to zero hence no additional constraint can be applied to the joined material 2. This yielding 

effectively limits the stress in both materials. 

After cooling to room temperature the sample is then slowly cooled in liquid nitrogen to -196°C (c). 

During this process, further plasticity develops in material 1 however no additional constraint is 

applied to material 2, in the areas of yield, due to the zero stiffness of material 1. Hence the stress in 

material 2, adjacent to the areas of yield in material 1, remains constant during this process. The 

joint is then heated back up to room temperature (d). During this stage both materials unload 

elastically causing a change in the stresses in both materials. For dissimilar material brazed joints 

such as those between a brittle material and a ductile material this will result in a reduction in 

tensile residual stresses in the brittle material adjacent to the joint. 

A slow cooling rate avoids quenching the sample which could result in surface damage and large 

tensile residual stresses developing on the surface of the sample. Consequently the thermal 

autofrettage procedure developed for the experimental investigation in this section involves 

insulating the samples in low thermal conductivity polyethylene foam prior to storage in liquid 

nitrogen. The insulated samples are then wrapped in cling film to avoid the liquid nitrogen saturating 

the foam hence the only mode of heat transfer from the sample is due to conduction. One of the 

insulated samples prior to thermal autofrettage is shown in Figure 4:  

3. FEA of thermal autofrettage of dissimilar material joints 

3.1 FEA of thermal autofrettage of a dissimilar joint with braze layer included 

Finite Element Analysis has been used to establish the effect of thermal autofrettage on a Ti/72Ag-

28Cu/Cu joint. The Ti and Cu cylinders both have dimensions of 14mm in diameter and 25mm long, 

whilst the braze layer has a thickness of 80µm. The process and results will however be relevant to 

other combinations of materials, with similar dissimilarity in properties and joined by other 

processes. The simulation was performed using ANSYS 12.1, using two dimensional PLANE182 4-

noded structural solid elements [13]. Two elements were used across the braze as a series of 

sensitivity studies [14] have shown that this is the minimum number of elements required to fully 

capture the constraint of the braze on the parent materials. The mesh, shown in Figure 5, was 

refined to an element size of 0.25mm at the interface and the model was held in the vertical 

direction by constraining the bottom surface to have zero vertical displacement. Axisymmetric 

conditions were assumed. Creep was not considered and the axisymmetric simplification assumes 
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perfect axial alignment of both materials. It has been shown that the residual stresses predicted by 

FEA are in reasonable agreement with those measured using XRD and that any transient effects due 

to differences in emissivity and thermal conductivity are negligible [6]. The FEA model used in 

previous work [6] to predict the residual stress distribution in the cylindrical Ti/72Ag-28Cu/Cu brazed 

joint was modified to include the thermal autofrettage process as shown schematically in Figure 5. 

A previous transient thermal analysis of the thermal autofrettage process of the insulated sample 

starting at room temperature showed the sample would take c.1 hour to reach a uniform 

temperature of -196°C with a max cooling rate of -12°C/min. This cooling rate is based on the heat 

transfer coefficient between the polyethylene foam and liquid nitrogen being evaluated at a film 

temperature of -196°C. In terms of predicting the cooling rate this represents a worst case scenario 

as it neglects any air pockets in the cling film and over predicts the heat transfer coefficient. This 

maximum cooling rate of -12°C is considerably less than the initial cooling rate of the brazing process 

of c.-150C/min hence it was assumed that any transient effects during the thermal autofrettage 

process could be ignored. Consequently a simplified thermal stress analysis was used to model the 

thermal autofrettage process in a similar fashion to the simulation of the brazing process shown 

schematically in Figure 5. 

If a small air gap of 1mm between the cling film and polyethylene foam is assumed and the heat 

transfer is evaluated at an average film temperature of -87.5°C the time taken to reach a uniform 

temperature of -196°C increases to c.8 hours. In reality the time required to reach -196°C will be less 

than this. Hence, to ensure that steady state thermal conditions were reached during the thermal 

autofrettage, the samples were stored in liquid nitrogen for c.8hours. 

To model the thermal autofrettage in liquid nitrogen to -196°C the material properties of the Cu, Ti 

and 72Ag-28Cu were included in the model as shown in tables 1, 2 and 3. The properties of the Cu 

and Ti at -196°C were obtained from various literature sources [15][16] and the properties of the 

72Ag-28Cu were linearly interpreted based on there being no phase changes within this 

temperature range. The properties of all materials at –196°C for use in FEA are summarised in Table 

4.  

The axial (z) residual stress distributions at the various stages of the thermal autofrettage process 

are shown in Figure 6. Upon cooling from the melting temperature of the 72Ag-28Cu (778°C) the 

residual stress field developed is as described in a previous study [6] (b). The change in axial stress 

due to cooling to -196°C (c) and then subsequent heating to back to 20°C (d) are also shown. 
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The FEA results in Figure 6 show a small decrease in the axial tensile residual stress field in the Ti due 

to the thermal autofrettage and a small decrease in the axial compressive residual stress in the Cu. 

The stress state developed during brazing and thermal autofrettage will be a function of the 

relationship in properties of all three materials in the joint [6]. However, it is postulated that the 

thermal autofrettage process has not been wholly successful, in this case, in causing a significant 

reduction in the initial residual stress state in the Ti due to significant strain hardening in the brazed 

layer (as shown in the engineering stress strain curve for the braze  at room temperature and -196°C 

in Figure 7). The effectiveness of autofrettage in general is dependent on the development of plastic 

strains. Hence, it is further postulated that if the 72Ag-28Cu braze filler had both a lower yield stress 

and behaved in an elastic-perfectly plastic fashion, the thermal autofrettage process would be more 

effective in changing the initial residual stress distributions in both materials. This is examined in the 

following section. In addition to enhancing the effectiveness of the thermal autofrettage process, 

this change in material behaviour should also reduce the magnitude of the initial residual stress 

distribution due to brazing. There is also negligible change in the circumferential stress distributions 

in the strain hardening case.  

3.2 FEA of thermal autofrettage of a dissimilar material brazed joint with an elastic perfectly 

plastic braze of lower yield stress 

In this study the model set up and material properties for all three materials are identical to those 

used in the Ti/72Ag-28Cu/Cu joint discussed previously, the only difference being the yield stress 

and post yield stiffness of the braze filler. In this case a tangent modulus of 0.01GPa (not 0GPa to aid 

convergence) is used across all temperatures and the initial yield stress value for the braze in Table 1 

and Table 4 have been halved. For this case the free edge axial distributions are shown during the 

thermal autofrettage process in Figure 8. 

As shown, the initial axial residual stress (b) distribution with the elastic-perfectly plastic braze is 

similar to that with the 72Ag-28Cu braze however the magnitude of the residual stresses in both 

materials is less compared to the values shown in Figure 6. This is due to the reduced constraint 

applied by the elastic-perfectly plastic braze with a lower yield stress. Upon thermal autofrettage to -

196°C, a slight increase in this residual stress distribution is seen  due to a small increase in the yield 

stress of the braze, which applies an additional constraint to the Ti and the Cu.  

Upon heating back up to room temperature (c) the thermal autofrettage process almost completely 

alleviates the axial residual stresses developed in the joint due to brazing (c. 100MPa stress relief in 

both materials in the region of the interface). This reduction is greater than the reduction seen in 
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Figure 6 which suggests an improvement in the autofrettage process due to the reduced yield stress 

and reduced strain hardening of the braze. In a similar fashion to the Ti/72Ag-28Cu/Cu dissimilar 

material joint there is a negligible difference in the circumferential stress distribution for this specific 

case. The concept of tailoring the properties of joining material to result in beneficial residual 

stresses is not new and Ooi et al [17] discuss the engineering of the phase transformation 

temperature of weld metal to provide improved residual stresses in welded joints. This has also been 

shown to improve the fatigue life for various geometries. 

4. Measurement of residual stresses after thermal autofrettage using XRD 

The change in residual stress due to the thermal autofrettage process has been measured using XRD 

on an axisymmetric Ti/72Ag-28Cu/Cu sample which was characterised after joining [6]. The results 

closest to the interface, at four angular locations 90° apart have been repeated after thermal 

autofrettage and compared to the original measured residual stresses and with those predicted by 

FEA.  

The sample characterised was prepared as outlined previously. The XRD experimental set up, 

analysis parameters and uncertainty calculations are described in [6]. The parameters used for the 

XRD set up and evaluation of the residual stresses can be seen in Table 5 and a photo of the set up in 

Figure 9.  

The measurements were obtained using a collimator of 1mm diameter with a maximum 

measurement depth of c.5µm [18] hence the residual stress readings are average values of stress in 

this irradiated volume. The shape and size of the irradiated area changes during the measurements 

and is a function of both 2θ and the value of Ψ tilt with a greater change in shape occurring at higher 

values of both of these parameters. For a 2θ angle of 60°, a Ψ tilt of 60° will result in an ellipse of 

approximately double the length of the original circular beam [19]. The sample is held in position at 

the correct height using a specially designed holder. For the measurements on the brazed sample, 

the distance from the braze is controlled correct to +0.01mm using a vernier caliper to move the 

sample within the holder however the initial alignment of the interface has been done by eye and is 

estimated to be correct to + 0.5mm. For XRD readings on cylindrical samples the beam size has to be 

small in relation to the curvature of the specimen to reduce errors (maximum spot size of ¼ x sample 

radius)[10]. For samples 14mm diameter, this corresponds to maximum spot size of 7mm x 0.25 = 

1.75mm, hence the beam size of 1mm can be assumed to be small in relation to the curvature of the 

sample. 



  

8 

 

There are three sources of uncertainty for the measurement due to; strain reading, assumed value 

of Young’s modulus and repeatability of measurements [18]. Each residual stress measurement is 

accompanied by an x and y error bar based on uncertainty calculations. The error bars in the y-

direction represent the combined uncertainty in the residual stress measurement with a 95% 

confidence level [6]. The error bars in the x-direction also give an indication of the surface area the 

results are averaged over.  The original axial and circumferential XRD results and those measured 

after thermal autofrettage are shown in Figures 10 and 11 respectively along with the residual stress 

distributions predicted by FEA. 

The measured axial residual stress in Figure 10 shows a reduction close to the interface at all four 

angular locations (0, 90, 270 degrees on specimen rotation). The average of the four angular 

locations closest to the interface is 57MPa, which reduces to an average of 4MPa after thermal 

autofrettage. FEA predicts a reduction of 30MPa at this location hence the small reduction in 

residual stress predicted by FEA is being reflected in the experimental sample. There are several 

possible reasons why the FEA over predicts the measured residual stresses. One is the simplified 

brazed layer material model is too stiff and the yield stress is too high. It is postulated that a better 

correlation could be obtained if a more accurate material model was used, which is not in fact easy 

to obtain for such a thin layer of material with a variation in structure and properties [20]. The 

second possible reason is that the assumption of a step change in material properties between the 

braze layer and the parent materials does not reflect reality and is over constraining the FEA model. 

The measured circumferential results, seen in Figure 11, show a smaller reduction in residual stress. 

The average circumferential stress closest to the interface prior to thermal autofrettage is 53MPa 

which reduces to 34MPa after thermal autofrettage; however there is one clear outlier in the test 

data (reading of 2MPa) and the reason for this is unknown. If this is neglected the average of the 

results after thermal autofrettage is 44MPa which improves the comparison. 

These results show there is a reasonable correlation to the results predicted by FEA and those 

measured using XRD providing confidence that the thermal autofrettage process is having the 

desired effect in reducing the tensile stresses seen in the Ti, albeit with a small reduction for this 

Ti/72Ag-28Cu/Cu joint due to the near elastic behaviour of the filler.  XRD results will under-predict 

the FEA stress magnitudes due to the fact that XRD is providing an average result over a 1mm spot 

size and depth of c. 5µm below the surface. In a rapidly changing stress field, these averaging effects 

can be significant.   

6. Discussion 
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6.1 Practical issues of performing thermal autofrettage 

The process of thermal autofrettage is limited by the temperature which the joint can be exposed to. 

The limit on this is absolute zero (-273°C) however this may not be practical in reality. For smaller 

components such as the Ti/72Ag-28Cu/Cu joints used in this work, storage in liquid nitrogen is 

straightforward if the component is sufficiently well insulated to prevent micro cracking due to 

thermal shock of the component. Cryogenic freezers which can cool to -80°C are commonplace and 

could be used to thermally autofrettage larger components - however the change in residual stress 

will be dependent on the reduction in temperature achieved. It is recommended that some form of 

NDT is used before and after thermal autofrettage to ensure the cooling process does not induce 

micro-cracking in the brazed interlayer. The sample reported herein was assessed for micro-cracking 

using dye penetrant testing and an optical assessment of the braze cross section after the residual 

stress measurements and no sign of micro-cracking was observed. 

In addition to thermal autofrettage there also exists the opportunity to develop mechanical 

autofrettage for dissimilar material joints. This could be done by applying a compressive load 

perpendicular to the interface. Initial FEA of this case looked promising [14] and is the focus for 

further research. 

Another practical consideration is the development of any further residual stresses during the 

thermal autofrettage procedure. The material model used for the braze filler at room temperature 

and at -196°C had a significant post yield stiffness which resulted in additional residual stresses being 

developed in the joint during the thermal autofrettage procedure. If this is the case, care needs to be 

taken to ensure that this does not cause failure in the joint during the thermal autofrettage process. 

There also exists the possibility that some materials will have a ductile to brittle transition in the 

thermal autofrettage temperature range which could affect both simulation and experimental 

results for the residual stresses [17][21]. 

In addition, a dissimilar material joint in a real structure is likely to be between components of more 

complex geometry and this would have to be taken into account in the development of a viable and 

useful thermal autofrettage procedure. 

6.2 Possible Further Developments 

Further FEA and XRD validation of the thermal autofrettage process is currently being conducted on 

other combinations of materials and brazing fillers. Ideally one of the fillers used in future should 

behave close to elastic-perfectly plastic which should result in more significant changes in the 

residual stress field. 
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In addition, the effects of thermal autofrettage should be correlated directly to an improvement in 

either joint strength or mechanical and thermal fatigue performance and hence future experimental 

validation of the process should include a series of specimens and tests to facilitate this.   

6.3 Effect of residual stresses on failure mechanisms 

The combination of stresses developed in the joint due to joining and subsequent operational loads 

will govern the performance of the joint in operation.  The relevance of the residual stresses due to 

joining on any failure mechanism will be dependent on whether the parent materials present in the 

joint are brittle or ductile in nature and whether failure occurs in the parent materials or at the 

interface. The significance of these residual stresses on various failure mechanisms is briefly 

discussed and whether thermal autofrettage is likely to affect the failure mechanism. 

Tensile residual stresses will influence failure in brittle materials and at the interface. Tensile residual 

stresses could cause the joint to fail during manufacturing or combine with operation loads to cause 

failure in service. As shown, thermal autofrettage could be used to reduce damaging tensile residual 

stresses found in dissimilar material joints due to joining, however care must be taken to ensure the 

thermal autofrettage process itself does not cause failure of the joint.  While this did not happen in 

this investigation, it is clearly a possibility.  

Plastic collapse only occurs under a primary load, with ductile materials. Residual stresses in 

dissimilar material joints are self-equilibrating and are unlikely to influence plastic collapse, hence it 

is unlikely that altering the initial residual stress field using thermal autofrettage will influence the 

plastic collapse load of a joint between dissimilar ductile materials. However it is possible that 

residual stresses could influence other failure mechanisms which in turn lead to plastic collapse. 

Ratcheting in ductile materials is dependent on initial plastic straining and subsequent accumulation, 

which will be influenced by residual stresses. Buckling instability is a function of the stress state 

existing in a body and could be affected by the initial residual stress distribution at joints. 

Tensile residual stresses due to joining are generally detrimental to fatigue life. Conversely 

compressive residual stresses in the surface layers are usually beneficial and can improve fatigue life. 

Fatigue failure could occur in either the parent materials or the interface between the braze and the 

parent materials. Thermal autofrettage could be used to influence the initial residual stress field to 

improve the fatigue performance of the joint.  

7. Conclusions 
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The process of thermal autofrettage has been presented as a method of altering the residual stress 

field due to joining in dissimilar material brazed joints and in doing so reducing the potentially 

damaging tensile residual stresses that may be present after the joining process. By modifying 

residual stresses, the overall stress state can be altered beneficially when combined with operational 

stresses. Finite Element Analysis of the change in residual stress in a Ti/72Ag-28Cu/Cu dissimilar 

material brazed joint due to thermal autofrettage is in reasonable agreement with the change 

measured using XRD. It is postulated that due to the stress – strain response of the 72Ag-28Cu filler, 

the change in residual stress due to thermal autofrettage is beneficial but relatively small. Studies 

have shown however that if the braze filler has both a lower yield stress and tends towards behaving 

in an elastic-perfectly plastic fashion, the thermal autofrettage process can be more effective in 

reducing the tensile residual stresses due to joining. In addition, the initial residual stresses 

developed in the joint will be less, due to the reduced constraint on both materials. This could result 

in the thermal autofrettage process being used to improve the performance of dissimilar material 

joints which are susceptible to brittle failure and fatigue. 

The thermal autofrettage process is not limited to dissimilar material brazed joints and should be 

relevant for other methods of joining such as diffusion bonding, HIPing, electron beam welding and 

explosion welding. Possibilities may also exist in the areas of deposition technologies such as laser 

and weld cladding.   

The main conclusions drawn from this study are as follows: 

• Thermal autofrettage can be used as a means of altering the residual stress field due to 

joining and to reduce the tensile residual stresses that are present after the joining process. 

This could result in an improvement in the operational performance of dissimilar material 

joints. 

• It has been demonstrated that thermal autofrettage could significantly change the initial 

residual stress distribution due to joining, depending on the plastic properties of the braze 

filler.  

• The work presented in this paper is not only relevant to dissimilar material brazed joints but 

also dissimilar material joints manufactured by other processes. 

• Care must be taken during the thermal autofrettage process so as not to damage the joint, 

through micro-cracking or otherwise.  
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Figure 1   Moment and stress on outer fibre of elastically perfectly plastic beam in bending with an 

applied moment of 1.5 x Myield  

Figure 2   Stress distribution across a beam in bending with applied moment of 1.5 x Myield  

Figure 3   Thermal autofrettage of a dissimilar material brazed joint 

Figure 4   Insulated sample for thermal autofrettage to -196°C in liquid nitrogen 

Figure 5   Thermal Autofrettage of Ti/72Ag-28Cu/Cu dissimilar material brazed joint and associated 

finite element model 

Figure 6    Axial stress distribution during thermal autofrettage cycle of Ti/72Ag-28Cu/Cu brazed joint 

Figure 7    Engineering stress strain curves at -196°C and 20°C 

(see Tables 1-3 for moduli and yield stresses) 
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Figure 8   Axial stress distributions of a Ti – Cu brazed joint with an elastic perfectly plastic braze 

Figure 9   XRD Set up 

Figure 10   Measured axial residual stress before and after thermal autofrettage 

Figure 11   Measured circumferential residual stress before and after thermal autofrettage 

Table 1   Summary of 72Ag-28Cu material properties for use in FEA 

Table 2   Summary of CuC110 material properties for use in FEA 

Table 3   Summary of Ti grade 2 material properties for use in FEA 

Table 4 – Material properties for thermal autofrettage at -196°C 

Table 5   Summary of residual stress measurement parameters 
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Temp 

(°C) 

k (W/mK) Cp (J/KgK) α x 10
-6 

(/K) 

E (GPa) σyield 

(MPa) 

Etan (GPa) 

20 493 291 15.3 59.2 170 30 

100 495 306 19.7 59.2 146.7 26.1 

200 472 313 21.1 59.2 117.5 21.2 

300 460 323 21.3 49.8 88.3 16.3 

400 459 339 21.3 31.6 59.2 11.4 

500 440 342 21.4 17.2 30 6.5 

600 420 350 20.1 11 19.2 4.2 

700 413 362 17.8 7.8 8.4 1.8 

778 404 369 16 0 0 0 

Table 1   Summary of 72Ag-28Cu material properties for use in FEA 

Temp 

(°C) 

k (W/mK) Cp (J/KgK) α x 10
-6 

(/K) 

E (GPa) σyield 

(MPa) 

Etan (GPa) 

20 386 383 16.7 125 40 0.1 x E 

100 385 393 17 121 32.4 0.1 x E 

200 383 403 17.5 115 24.3 0.1 x E 

300 380 413 17.8 109 17.6 0.1 x E 

400 375 421 18.2 103 12.4 0.1 x E 

500 368 429 18.6 96 8.9 0.1 x E 

600 360 437 19 90 6.6 0.1 x E 

700 354 446 19.3 83 5.9 0.1 x E 

778 348 455 19.6 77 6.4 0.1 x E 

Table 2   Summary of CuC110 material properties for use in FEA 

Temp  

(°C) 

k (W/mK) Cp (J/KgK) α x 10
-6 

(/K) 

E (GPa) σyield 

(MPa) 

Etan (GPa) 

20 21 524 8.5 109 356 0.1 x E 

100 20 542 8.8 105 246 0.1 x E 

200 19 566 9 99 160 0.1 x E 

300 18 589 9.1 93 111 0.1 x E 

400 19 611 9.2 87 83 0.1 x E 

500 19 630 9.4 81 66 0.1 x E 

600 20 645 9.6 75 57 0.1 x E 

700 21 666 9.8 69 53 0.1 x E 

778 21 736 10 65 51 0.1 x E 

Table 3   Summary of Ti grade 2 material properties for use in FEA 

 

Material α x 10
-6 

(/K) E (GPa) σyield (MPa) Etan (GPa)

Ti 6.5 123 556 0.1 x E

Cu 14 136 66 0.1 x E

72Ag-28Cu 15.3 59.2 220 40

Table 4   Material properties for thermal autofrettage at -196°C 
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XRD parameters Ti Cu

System Bruker D8 Advance Bruker D8 Advance 

Radiation source Cu Kα Cu Kα 

Diffraction plane Ti 2 1 3 Cu 4 2 0 

2θ 139° 137° 

Tube voltage 40kV 40kV 

Tube current 40mA 40mA 

Collimator diameter 1mm 1mm 

Method Omega tilt, iso-inclination, 

sin2ψ 

Omega tilt, iso-

inclination, sin2ψ 

ψ tilt values + 0°, 5°, 10°, 15°, 20°, 25°,

30°, 35°, 40°,45°,50° 

+ 0°, 9°, 18°, 27°,36°, 45° 

Φ values 0°, 45°, 90° 0°, 45°, 90° 

Stress model Biaxial + shear Biaxial + shear 

Peak evaluation Pearson VII Pearson VII 

Table 5   Summary of residual stress measurement parameters 

 

 

 

Figure 1   Moment and stress on outer fibre of elastically perfectly plastic beam in bending with an 

applied moment of 1.5 x Myield  
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Figure 2   Stress distribution across a beam in bending with applied moment of 1.5 x Myield  

 

Figure 3   Thermal autofrettage of a dissimilar material brazed joint 
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Figure 4   Insulated sample for thermal autofrettage to -196°C in liquid nitrogen 

 

Figure 5   Thermal Autofrettage of Ti/72Ag-28Cu/Cu dissimilar material brazed joint and associated 

finite element model 
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Figure 6    Axial stress distribution during thermal autofrettage cycle of Ti/72Ag-28Cu/Cu brazed joint 

 

 

Figure 7    Engineering stress strain curves at -196°C and 20°C 

   (see Tables 1-3 for moduli and yield stresses) 
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Figure 8   Axial stress distributions of a Ti – Cu brazed joint with an elastic perfectly plastic braze 

 

Figure 9   XRD Set up 
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Figure 10   Measured axial residual stress before and after thermal autofrettage 

 

Figure 11   Measured circumferential residual stress before and after thermal autofrettage 
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• The beneficial effects of cryogenic thermal autofrettage on residual stresses in a dissimilar 

joint is shown. 

• Desirable constitutive material characteristics are highlighted. 

• FE simulations are validated with experimental residual stress measurements using X-ray 

diffraction. 

 


