
1 Tensioni Residue e Deformazioni
· (Residual Stresses and Distortions)
1.1 Sviluppo delle tensioni residue

       Development of residual stresses

Le Saldature sono interessate come noto,  da apporto termico localizzato rilevante, che serve per fondere il materiale, da ciò ne deriva come conseguenza che vengono generate delle tensioni non uniformi, sul giunto da saldare . Queste tensioni si generano dalle dilatazioni e compressioni del materiale. Inizialmente, l’azione di compressione viene originata da tutto quel  materiale base freddo che circonda la zona di saldatura che va a contrastare la  dilatazione della ZTA adiacente al bagno di fusione. Comunque le tensioni di ritiro, dal nome stesso,si generano durante la fase di raffreddamento quando il materiale interessato dalla fusione  raffreddandosi  si contrae e la adiacente ZTA si oppone alla  massa relativamente grande del materiale base che si trova a più bassa temperatura..

Finchè questi stress sono sopra al valore del carico di snervamento del metallo alla temperature predominante , essi continuano a produrre deformazioni permanenti ma in questo modo,queste sono rinvenute e abbassano il livello  degli stress di snervamento. Allora essi cessano di causare ulteriori distorsioni. Ma se a questo punto si potrebbe liberare la saldatura dalla piastra ,eseguendo un taglio lungo la linea di fusione, essa potrebbe contrarsi ulteriormente,  poiché anche se si ferma la distorsione la saldatura contiene una tensione elastica, equivalente alla carico di snervamentoquesta it would shrink further because, even when distortion has stopped, the weld contains an elastic strain equivalent to the yield stress. Per immaginare la situazione, bisogna pensare il giunto completo come un un elemento di metallo saldato, compresso elasticamente da due piastre.
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Ritiro del materiale di saldatura durante il raffreddamento :: a) la saldatura è molto calda nella sua intera lunghezza ed inizia a raffreddare; b) se non fosse fusa al metallo base la saldatura si ritirerebbe riducendo le dimensioni in tutte tre le dimensioni. c) poiché però la saldatura è fusa al metallo base intervengono tensioni residue  frutto di stress combinati dovuti al raffreddamento.
Le tensioni presenti dopo la saldatura sono considerate  tensioni residue di ritiro.. Dallo sketch , qui sopra , si può vedere come  siano presenti tensioni sia longitudinali che trasversali ed in caso di spessori elevati ci sono pure le componenti che agiscono attraverso lo spessore .
1.2 Distribuzione delle Tensioni Residue.
La grandezza delle tensioni dovute allo stress termico possono essere valutate in funzione della variazione di volume nella zona di saldatura, nella fase di solidificazione e conseguente raffreddamento fino alla temperatura ambiente. Ad esempio se si sta saldando un acciaio al  C-Mn , il volume di metallo fuso in fase di solidificazione si ridurrà approssimativamente del 3% ed il volume del metallo fuso ormai solidificato assieme alla ZTA si ridurrà ulteriormente del 7% quando la loro temperatura scenderà dal punto di fusione fino alla temperatura ambiente..

Ortogonalmente alla saldatura nel senso trasversale le tensioni nella saldatura sono molto più dipendenti dalle condizioni di vincolo fornite dalle parti adiacenti . Le tensioni residue trasversali sono spesso relativamente
basse sebbene rimangano sempre importanti. La distribuzioni delle tensioni trasversali residue in una saldatura di testa sono illustrate nella figura sottostante. Gli sforzi di tensione, di relativamente bassa intensità, si originano al centro della sezione del giunto, mentre gli sforzi di compressione sono presenti in entrambe le estremità del giunto.E’ necessario ricordare che più lunga è la saldatura, più alti saranno i valori degli sforzi (di trazione) di tensione residua finchè non viene raggiunto il carico di snervamento. 
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Rappresentazione delle tensioni residue in direzione trasversale al giunto.
ISe adesso andiamo a vedere le tensioni longitudinali dobbiamo tener conto che la saldatura stessa ed alcune parti della piastra che sono state interessate dal ciclo termico possono trovarsi od essere vicine al livello di valori del carico di snervamento. Muovendoci dalla saldatura verso il materiale base attraverso la ZTA le tensioni prima scendono a zero (ricordiamoci che le tensionisi estendono oltre la saldatura anche nel metallo base ! ) Oltre quest’area c’è una regione dove si formano stress di compressione. Notare inoltre che la larghezza dell’area dove gli sforzi di trazione sono presenti dipende dall’apporto termico fornito durante la saldatura.Per capirci meglio: più alto è l’apporto termico più larga è l’area dove gli stress residui intervengono.
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Rappresentazione delle tensioni residue in direzione longitudinale nelle condizioni come saldato. Il Massimo livello delle tensioni di ritiro residue è eguale al valore del carico di snervamento del metallo di saldatura a temperature ambiente.
E’ da mettere in risaIto che tutte le saldature mediante fusione che non hanno subito un PWHT, cioè la gran parte delle saldature, contengono delle tensioni residue. Le procedure senza il contributo del PWHT, sviluppate per minimizzare le distorsioni possono variare la distribuzione delle tensioni residue ,non eliminarle , al limite possono ridurre i valori di picco.
Un metodo per ridurre il livello delle tensioni residue nei giunti saldati è quello di effettuare un PWHT, un trattamento termico di distensione per ridurre gli stress. In questo caso una volta che la temperatura ha raggiunto il valore idoneo,il valore del Carico di Snervamento comincia a ridursi .Come risultato di questo fenomeno, i valori massimi di picco delle tensioni di ritiro che erano superiori al valore del carico di snervamentoa temperatura ambiente non possono essere ulteriormente sopportati dal materiale e quindi vengono scaricati attraverso deformazioni plastiche che normalmente sono a livello atomico ma che in certe situazioni possono portare a sensibili deformazioni del componente saldato. Questo processo termina quando si sarà raggiunta la temperatura massima di mantenimento (soaking temperature). Di conseguenza, il livello delle tensioni residue si ridurrà in funzione e a causa , della differenza tra il valore del carico di snervamento alla temperatura ambiente ( all’inizio cioè del PWHT ) ed il valore dello snervamento che si ha per quel materiale alla temperatura di mantenimento. Se volessimo quantizzare , il PWHT può arrivare a ridurre le tensioni residue  fino ad un quarto del loro valore iniziale di picco. Importante da . mettere in evidenza che gli sforzi residui di compressione rimangono inalterati e che comunque il PWHTnon elimina completamente gli Stress Residui !!
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Rappresentazione degli stress residui in direzione longitudinale dopo  PWHT

1.3 L’effetto delle Tensioni Residue
Poichè non si possono evitare la formazione delle Tensioni Residue è opportuno chiederci se dobbiamo preoccuparci della loro presenza..Come spesso accade nelle valutazioni delle situazioni che si creano in campo ingegneristico la risposta non è un semplice sì o no.. Ci sono numerose applicazioni ,  dove la presenza delle tensioni residue può avere una bassa o nulla influenza sul comportamento in servizio del componente saldato.
 I Serbatoi di stoccaggio , armature metalliche civili , piping a bassa pressione apparecchi domestici, forniscono esempi  di situazioni dove i componenti saldati possono essere usati senza particolari trattamenti, cioè

 ( as-welded  condition ) senza problemi..

Le tensioni residue sono considerate dannose in quanto :
· Generano deformazioni e/o distorsioni. Ed una struttura deformata non sarà mai adatta all’impiego per cui era stata costruita.
· Influenzano la stabilità dimensionale dei componenti saldati ed assiemati . Inoltre quando si lavorano di macchina I componenti saldati ,rimuovendo gli strati di materiale vicino al giunto , questo può alterare l’equilibrio tra le sollecitazioni residue di compressione ithe e di trazione causando ulteriori deformazioni o incurvamenti 
· ( warping) . Questo a sua volta potrebbe rendere difficile mantenere le tolleranze previste, in questo caso allora potrebbe rendersi necessario un trattamento di distensione per arrivare alle tolleranze previste..
· Aumentano il rischio di rottura fragile..Infatti se sono presenti tensioni residue nelle strutture saldate basta solo una piccolo aumento di sollecitazioni in aggiunta a quelle già presenti per innescare la rottura fragile sempre assieme adaltri fattori scatenanti Es:( Bassa temperatura)

· They can facilitate certain types of corrosion. Some metals in certain environments corrode rapidly in the presence of tensile stress, i.e. stress corrosion cracking will occur. In these cases, a joint in the as-welded condition containing residual stresses suffers excessive attack; this is retarded if the joint is stress-relieved.
If the service requirements do indicate that the residual stresses are undesirable, the designer must take them into account when selecting materials and deciding upon a safe working stress. This approach can be seen in the design of ships, where the combination of low temperatures and residual stress could lead to brittle fracture. The designer selects a material, which is not susceptible to this mode of failure even at the low temperatures, which may be experienced during the working life of the ship; the presence of residual stresses is then not important. Similarly, in many structures subjected to loads which fluctuate during service – for example, bridges, earth-moving equipment, and cranes – the designer recognises the existence of residual stresses by choosing a working-stress range which takes account of the role these stresses play in the formation and propagation of fatigue cracks. There are, however, some specific applications where it is essential to reduce the level of residual stresses in the welded joint. With pressure vessels, because of the risk of a catastrophic failure by brittle fracture, stress relieving is often a statutory or insurance requirement.

1.4 Factors affecting residual stresses

Factors affecting residual stresses in a welded joint can be grouped into 5 categories:

1. Material properties

2. Amount of restrain

3. Joint design

4. Fit-up

5. Welding sequence

2 What Causes Distortion?
Because welding involves highly localised heating of joint edges to fuse the material, non-uniform stresses are set up in the component because of expansion and contraction of the heated material.

Initially, compressive stresses are created in the surrounding cold parent metal when the weld pool is formed due to the thermal expansion of the hot metal (HAZ) adjacent to the weld pool. However, tensile stresses occur on cooling when the contraction of the weld metal and immediate HAZ is resisted by the bulk of the cold parent metal.

The magnitude of thermal stresses induced into the material can be seen by the volume change in the weld area on solidification and subsequent cooling to room temperature. For example, when welding C-Mn steel, the molten weld metal volume will be reduced by approximately 3% on solidification and the volume of the solidified weld metal/HAZ will be reduced by a further 7% as its temperature falls from the melting point of steel to room temperature.

If the stresses generated from thermal expansion/contraction exceed the yield strength of the parent metal, localised plastic deformation of the metal occurs. Plastic deformation causes a permanent reduction in the component dimensions and distorts the structure.

3 What Are the Main Types of Distortion?
Distortion occurs in several ways:

· Longitudinal shrinkage. 

· Transverse shrinkage. 

· Angular distortion. 

· Bowing and dishing. 

· Buckling. 

Contraction of the weld area on cooling results in both transverse and longitudinal shrinkage. 

Non-uniform contraction (through-thickness) produces angular distortion as well as longitudinal and transverse shrinking.

For example, in a single V butt weld, the first weld run produces longitudinal and transverse shrinkage and rotation. The second run causes the plates to rotate using the first weld deposit as a fulcrum. Therefore, balanced welding in a double-sided V butt joint can be used to produce uniform contraction and prevent angular distortion.

Similarly, in a single-sided fillet weld, non-uniform contraction will produce angular distortion of the upstanding leg. Double-sided fillet welds can therefore be used to control distortion in the upstanding fillet but because the weld is only deposited on one side of the base plate, angular distortion will now be produced in the plate.

Longitudinal bowing in welded plates happens when the weld centre is not coincident with the neutral axis of the section so that longitudinal shrinkage in the welds bends the section into a curved shape. Clad plate tends to bow in two directions due to longitudinal and transverse shrinkage of the cladding. This produces a dished shape.

Dishing is also produced in stiffened plating. Plates usually dish inwards between the stiffeners, because of angular distortion at the stiffener attachment welds.

In plating, long range compressive stresses can cause elastic buckling in thin plates, resulting in dishing, bowing or rippling. see Figure 1.

Figure 1 Examples of distortion.
Increasing the leg length of fillet welds, in particular, increases shrinkage.

4 What are the Factors Affecting Distortion?

If a metal is uniformly heated and cooled there would be almost no distortion. However, because the material is locally heated and restrained by the surrounding cold metal, stresses are generated higher than the material yield stress causing permanent distortion. The principal factors affecting the type and degree of distortion are:

· Parent material properties. 

· Amount of restraint. 

· Joint design. 

· Part fit-up. 

· Welding procedure 

4.1 Parent material properties
Parent material properties, which influence distortion, are coefficient of thermal expansion, thermal conductivity, and to a lesser extent, yield stress and Young’s modulus. As distortion is determined by expansion and contraction of the material, the coefficient of thermal expansion of the material plays a significant role in determining the stresses generated during welding and, hence, the degree of distortion. For example, as stainless steel has a higher coefficient of expansion and lesser thermal conductivity than plain carbon steel, it generally has significantly more distortion.

4.2 Restraint
If a component is welded without any external restraint, it distorts to relieve the welding stresses. So, methods of restraint, such as strong-backs in butt welds, can prevent movement and reduce distortion. As restraint produces higher levels of residual stress in the material, there is a greater risk of cracking in weld metal and HAZ especially in crack-sensitive materials.

4.3 Joint design

Both butt and fillet joints are prone to distortion. It can be minimised in butt joints by adopting a joint type which balances the thermal stresses through the plate thickness. For example, a double-sided in preference to a single‑sided weld. Double-sided fillet welds should eliminate angular distortion of the upstanding member, especially if the two welds are deposited at the same time.

4.4 Part fit-up
Fit-up should be uniform to produce predictable and consistent shrinkage. Excessive joint gap can also increase the degree of distortion by increasing the amount of weld metal needed to fill the joint. The joints should be adequately tacked to prevent relative movement between the parts during welding.

4.5 Welding procedure
This influences the degree of distortion mainly through its effect on the heat input. As welding procedures are usually selected for reasons of quality and productivity, the welder has limited scope for reducing distortion. As a general rule, weld volume should be kept to a minimum. Also, the welding sequence and technique should aim to balance the thermally induced stresses around the neutral axis of the component.

5 Distortion – Prevention by Pre-Setting, Pre-Bending or Use of Restraint
Distortion can often be prevented at the design stage, for example, by placing the welds about the neutral axis, reducing the amount of welding and depositing the weld metal using a balanced welding technique. In designs where this is not possible, distortion may be prevented by one of the following methods:

· Pre-setting of parts. 

· Pre-bending of parts. 

· Use of restraint. 

The technique chosen will be influenced by the size and complexity of the component or assembly, the cost of any restraining equipment and the need to limit residual stresses.


[image: image1.png]



Figure 2 Pre-setting of parts to produce correct alignment after welding:
a) Fillet joint to prevent angular distortion

b) Butt joint to prevent angular distortion

5.1 Pre-setting of parts

The parts are pre-set and left free to move during welding, see Figure 2. In practice, the parts are pre-set by a pre-determined amount so that distortion occurring during welding is used to achieve overall alignment and dimensional control. 

The main advantages compared with the use of restraint are that there is no expensive equipment needed and there will be lower residual stress in the structure.

Unfortunately, as it is difficult to predict the amount of pre-setting needed to accommodate shrinkage, a number of trial welds will be required. For example, when MMA or MIG/MAG welding butt joints, the joint gap will normally close ahead of welding; when SAW the joint may open up during welding. When carrying out trial welds, it is also essential that the test structure is reasonably representative of the full size structure in order to generate the level of distortion likely to occur in practice. For these reasons, pre-setting is a technique more suitable for simple components or 

Figure 3 Pre-bending, using strongbacks and wedges, to accommodate angular distortion in thin plates.

5.2 Pre-bending of parts

Pre-bending or pre-springing the parts before welding is a technique used to pre-stress the assembly to counteract shrinkage during welding. As shown in Figure 3, pre-bending by means of strongbacks and wedges can be used to pre-set a seam before welding to compensate for angular distortion. Releasing the wedges after welding will allow the parts to move back into alignment. 

The main photograph shows the diagonal bracings and centre jack used to pre-bend the fixture, not the component. This counteracts the distortion introduced through out-of-balance welding.

5.3 Use of restraint

Because of the difficulty in applying pre-setting and pre-bending, restraint is the more widely practised technique. The basic principle is that the parts are placed in position and held under restraint to minimise any movement during welding. When removing the component from the restraining equipment, a relatively small amount of movement will occur due to locked-in stresses. This can be cured by either applying a small amount of pre-set or stress‑relieving before removing the restraint. 

When welding assemblies, all the component parts should be held in the correct position until completion of welding and a suitably balanced fabrication sequence used to minimise distortion.

Welding with restraint will generate additional residual stresses in the weld, which may cause cracking. When welding susceptible materials, a suitable welding sequence and the use of preheating will reduce this risk.

Restraint is relatively simple to apply using clamps, jigs and fixtures to hold the parts during welding.

5.3.1 Welding jigs and fixtures
Jigs and fixtures are used to locate the parts and to ensure that dimensional accuracy is maintained whilst welding. They can be of a relatively simple construction, as shown in Figure 4a but the welding engineer will need to ensure that the finished fabrication can be removed easily after welding. 

5.3.2 Flexible clamps
A flexible clamp (Figure 4b) can be effective not only in applying restraint but also in setting up and maintaining the joint gap (it can also be used to close a gap that is too wide). 

A disadvantage is that as the restraining forces in the clamp will be transferred into the joint when the clamps are removed, the level of residual stress across the joint can be quite high.
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Figure 4 Restraint techniques to prevent distortion:
a) Welding jig;

b) Flexible clamps;

c) Strongbacks with wedges;

d) Fully wedged strongbacks.
5.3.3 Strongbacks (and wedges)
Strongbacks are a popular means of applying restraint especially for site work. Wedged strongbacks (Figure 4c), will prevent angular distortion in plate and help to prevent peaking in welding cylindrical shells. As these types of strongback will allow transverse shrinkage, the risk of cracking will be greatly reduced compared with fully welded strongbacks. 

Fully welded strongbacks (welded on both sides of the joint) (Figure 4d) will minimise both angular distortion and transverse shrinkage. As significant stresses can be generated across the weld, which will increase any tendency for cracking, care should be taken in the use of this type of strongback.

5.4 Best practice
Adopting the following assembly techniques will help to control distortion: 

· Pre-set parts so that welding distortion will achieve overall alignment and dimensional control with the minimum of residual stress. 

· Pre-bend joint edges to counteract distortion and achieve alignment and dimensional control with minimum residual stress. 

· Apply restraint during welding by using jigs and fixtures, flexible clamps, strongbacks and tack welding but consider the risk of cracking which can be quite significant, especially for fully welded strongbacks. 

· Use an approved procedure for welding and removal of welds for restraint techniques, which may need preheat to avoid forming imperfections in the component surface. 
6 Distortion – Prevention by Design
Design principles

At the design stage, welding distortion can often be prevented, or at least restricted, by considering: 

· Elimination of welding. 

· Weld placement. 

· Reducing the volume of weld metal. 

· Reducing the number of runs. 

· Use of balanced welding. 

6.1 Elimination of welding

As distortion and shrinkage are an inevitable result of welding, good design requires that not only the amount of welding is kept to a minimum, but also the smallest amount of weld metal is deposited. Welding can often be eliminated at the design stage by forming the plate or using a standard rolled section, as shown in Figure 5. 


Figure 5 Elimination of welds by: 
a) Forming the plate; 
b) Use of rolled or extruded section.
If possible, the design should use intermittent welds rather than a continuous run, to reduce the amount of welding. For example, in attaching stiffening plates, a substantial reduction in the amount of welding can often be achieved whilst maintaining adequate strength. 

6.2 Weld placement

Placing and balancing of welds are important in designing for minimum distortion. The closer a weld is positioned to the neutral axis of a fabrication, the lower the leverage effect of the shrinkage forces and the final distortion. Examples of poor and good designs are shown below (Figure 6). 


Figure 6 Distortion may be reduced by placing the welds around the neutral axis.
As most welds are deposited away from the neutral axis, distortion can be minimised by designing the fabrication so the shrinkage forces of an individual weld are balanced by placing another weld on the opposite side of the neutral axis. Whenever possible, welding should be carried out alternately on opposite sides, instead of completing one side first. In large structures, if distortion is occurring preferentially on one side, it may be possible to take corrective action, for example, by increasing welding on the other side to control the overall distortion. 

6.3 Reducing the volume of weld metal

To minimise distortion, as well as for economic reasons, the volume of weld metal should be limited to the design requirements. For a single-sided joint, the cross-section of the weld should be kept as small as possible to reduce the level of angular distortion, as illustrated in Figure 7. 


Figure 7 Reducing the amount of angular distortion and lateral shrinkage.
Ways of reducing angular distortion and lateral shrinkage:
· Reducing the volume of weld metal. 

· Using single pass weld.
· Ensure fillet welds are not oversize.

Joint preparation angle and root gap should be minimised providing the weld can be made satisfactorily. To facilitate access, it may be possible to specify a larger root gap and smaller preparation angle. By reducing the difference in the amount of weld metal at the root and the face of the weld, the degree of angular distortion will be correspondingly reduced. Butt joints made in a single pass using deep penetration have little angular distortion, especially if a closed butt joint can be welded (Figure 7). For example, thin section material can be welded using plasma and laser welding processes and thick section can be welded, in the vertical position, using electrogas and electroslag processes. Although angular distortion can be eliminated, there will still be longitudinal and transverse shrinkage. 

In thick section material, as the cross-sectional area of a double V joint preparation is often only half that of a single V, the volume of weld metal to be deposited can be substantially reduced. The double V joint preparation also permits balanced welding about the middle of the joint to eliminate angular distortion.

As weld shrinkage is proportional to the amount of weld metal both poor joint fit-up and over-welding will increase the amount of distortion. Angular distortion in fillet welds is particularly affected by over welding. As design strength is based on throat thickness, over welding to produce a convex weld bead does not increase the allowable design strength but it will increase the shrinkage and distortion.

6.4 Reducing the number of runs

There are conflicting opinions on whether it is better to deposit a given volume of weld metal using a small number of large weld passes or a large number of small passes. Experience shows that for a single-sided butt joint, or fillet weld, a large single weld deposit gives less angular distortion than if the weld is made with a number of small runs. Generally, in an unrestrained joint, the degree of angular distortion is approximately proportional to the number of passes. 

Completing the joint with a small number of large weld deposits results in more longitudinal and transverse shrinkage than a weld completed in a larger number of small passes. In a multi-pass weld, previously deposited weld metal provides restraint, so the angular distortion per pass decreases as the weld is built up. Large deposits also increase the risk of elastic buckling particularly in thin section plate.

6.5 Use of balanced welding

Balanced welding is an effective means of controlling angular distortion in a multi-pass butt weld by arranging the welding sequence to ensure that angular distortion is continually being corrected and not allowed to accumulate during welding. Comparative amounts of angular distortion from balanced welding and welding one side of the joint first are shown in this figure. The balanced welding technique can also be applied to fillet joints. 


Figure 8 Balanced welding to reduce the amount of angular distortion.
If welding alternately on either side of the joint is not possible, or if one side has to be completed first, an asymmetrical joint preparation may be used with more weld metal being deposited on the second side. The greater contraction resulting from depositing the weld metal on the second side will help counteract the distortion on the first side. 

6.6 Best practice

The following design principles can control distortion: 

· Eliminate welding by forming the plate and using rolled or extruded sections. 

· Minimise the amount of weld metal. 

· Do not overweld. 

· Use intermittent welding in preference to a continuous weld pass. 

· Place welds about the neutral axis. 

· Balance the welding about the middle of the joint by using a double V joint in preference to a single V joint. 

Adopting best practice principles can have surprising cost benefits. For example, for a design fillet leg length of 6mm, depositing an 8mm leg length will result in the deposition of 57% additional weld metal. Besides the extra cost of depositing weld metal and the increase risk of distortion, it is costly to remove this extra weld metal later. However, designing for distortion control may incur additional fabrication costs. For example, the use of a double V joint preparation is an excellent way to reduce weld volume and control distortion, but extra costs may be incurred in production through manipulation of the workpiece for the welder to access the reverse side.

7 Distortion – Prevention by Fabrication Techniques
7.1 Assembly techniques

In general, the welder has little influence on the choice of welding procedure but assembly techniques can often be crucial in minimising distortion. The principal assembly techniques are:

· Tack welding. 

· Back-to-back assembly. 

· Stiffening. 

7.1.1 Tack welding
Tack welds are ideal for setting and maintaining the joint gap but can also be used to resist transverse shrinkage. To be effective, thought should be given to the number of tack welds, their length and the distance between them. With too few, there is the risk of the joint progressively closing up as welding proceeds. In a long seam, using MMA or MIG/MAG, the joint edges may even overlap. It should be noted that when using the submerged arc process, the joint might open up if not adequately tacked. 

The tack welding sequence is important to maintain a uniform root gap along the length of the joint. Three alternative tack welding sequences are shown:

· Straight through to the end of the joint (Figure 9a). It is necessary to clamp the plates or to use wedges to maintain the joint gap during tacking. 

· One end and then use a back stepping technique for tacking the rest of the joint (Figure 9b). 

· Centre and complete the tack welding by back stepping (Figure 9c).


Figure 9 Alternative procedures used for tack welding to prevent transverse shrinkage.
Directional tacking is a useful technique for controlling the joint gap, for example closing a joint gap which is (or has become) too wide.

When tack welding, it is important that tacks which are to be fused into the main weld, are produced to an approved procedure using appropriately qualified welders. The procedure may require preheat and an approved consumable as specified for the main weld. Removal of the tacks also needs careful control to avoid causing defects in the component surface.

7.1.2 Back-to-back assembly

By tack welding or clamping two identical components back-to-back, welding of both components can be balanced around the neutral axis of the combined assembly (see Figure 10a). It is recommended that the assembly is stress-relieved before separating the components. If stress-relieving is not done, it may be necessary to insert wedges between the components (Figure 10b) so when the wedges are removed, the parts will move back to the correct shape or alignment. 


Figure 10 Back-to-back assembly to control distortion when welding two identical components:
a) Assemblies tacked together before welding;
b) Use of wedges for components that distort on separation after welding.
7.1.3 Stiffening


Figure 11 Longitudinal stiffeners prevent bowing in butt welded thin plate joints

Longitudinal shrinkage in butt welded seams often results in bowing, especially when fabricating thin plate structures. Longitudinal stiffeners in the form of flats or angles, welded along each side of the seam (Figure 11) are effective in preventing longitudinal bowing. Stiffener location is important unless located on the reverse side of a joint welded from one side: they must be placed at a sufficient distance from the joint so they do not interfere with welding,

7.2 Welding procedure
A suitable welding procedure is usually determined by productivity and quality requirements rather than the need to control distortion. Nevertheless, the welding process, technique and sequence do influence the distortion level. 

Welding process

General rules for selecting a welding process to prevent angular distortion are: 

· Deposit the weld metal as quickly as possible. 

· Use the least number of runs to fill the joint.
Unfortunately, selecting a suitable welding process based on these rules may increase longitudinal shrinkage resulting in bowing and buckling.

In manual welding, MIG/MAG, a high deposition rate process, is preferred to MMA. Weld metal should be deposited using the largest diameter electrode (MMA), or the highest current level (MIG/MAG), without causing lack-of-fusion imperfections. As heating is much slower and more diffuse, gas welding normally produces more angular distortion than the arc processes.

Mechanised techniques combining high deposition rates and high welding speeds have the greatest potential for preventing distortion. As the distortion is more consistent, simple techniques such as pre-setting are more effective in controlling angular distortion.

Welding technique

General rules for preventing distortion are: 

· Keep the weld (fillet) to the minimum specified size. 

· Use balanced welding about the neutral axis. 

· Keep the time between runs to a minimum.

Figure 12 Angular distortion of the joint as determined by the number of runs in the fillet weld.
In the absence of restraint, angular distortion in both fillet and butt joints will be a function of joint geometry, weld size and the number of runs for a given cross-section. Angular distortion (measured in degrees) as a function of the number of runs for a 10mm leg length fillet weld is shown.
If possible, balanced welding around the neutral axis should be done, for example on double-sided fillet joints, by two people welding simultaneously. In butt joints, the run order may be crucial in that balanced welding can be used to correct angular distortion as it develops. 


 a) Back-step welding

b) Skip welding

Figure 13 Use of welding direction to control distortion


Welding sequence
The welding sequence, or direction, of welding is important and should be towards the free end of the joint. For long welds, the whole of the weld is not completed in one direction. Short runs, for example using the back-step or skip welding technique, are very effective in distortion control (Figure 13).
· Back-step welding involves depositing short adjacent weld lengths in the opposite direction to the general progression (Figure 13 a).
· Skip welding is laying short weld lengths in a predetermined, evenly spaced, sequence along the seam (Figure 13b). Weld lengths and the spaces between them are generally equal to the natural run-out length of one electrode. The direction of deposit for each electrode is the same, but it is not necessary for the welding direction to be opposite to the direction of general progression. 

7.3 Best practice
The following fabrication techniques are used to control distortion: 

· Using tack welds to set-up and maintain the joint gap. 

· Identical components welded back-to-back so welding can be balanced about the neutral axis. 

· Attachment of longitudinal stiffeners to prevent longitudinal bowing in butt welds of thin plate structures. 

· Where there is a choice of welding procedure, process and technique should aim to deposit the weld metal as quickly as possible; MIG/MAG in preference to MMA or gas welding and mechanised rather than manual welding. 

· In long runs, the whole weld should not be completed in one direction; back-step or skip welding techniques should be used. 

8 Distortion – Corrective Techniques
Every effort should be made to avoid distortion at the design stage and by using suitable fabrication procedures. As it is not always possible to avoid distortion during fabrication, several well-established corrective techniques can be employed. However, reworking to correct distortion should not be undertaken lightly as it is costly and needs considerable skill to avoid damaging the component. 

General guidelines are provided on best practice for correcting distortion using mechanical or thermal techniques.

8.1 Mechanical techniques

The principal mechanical techniques are hammering and pressing; the hammering may cause surface damage and work hardening. 

In cases of bowing or angular distortion, the complete component can often be straightened on a press without the disadvantages of hammering. Packing pieces are inserted between the component and the platens of the press. It is important to impose sufficient deformation to give over-correction so that the normal elastic spring-back will allow the component to assume its correct shape.



Figure 14 Use of press to correct bowing in T butt joint.


Pressing to correct bowing in flanged plate in long components, distortion is removed progressively in a series of incremental pressings; each one acting over a short length. In the case of the flanged plate, the load should act on the flange to prevent local damage to the web at the load points. As incremental point loading will only produce an approximately straight component, it is better to use a former to achieve a straight component or to produce a smooth curvature. 

8.1.1 Best practice for mechanical straightening

The following should be adopted when using pressing techniques to remove distortion: 

· Use packing pieces which will over-correct the distortion so that the spring-back will return the component to the correct shape. 

· Check that the component is adequately supported during pressing to prevent buckling. 

· Use a former (or rolling) to achieve a straight component or produce a curvature.
· As unsecured packing pieces may fly out from the press, the following safe practices must be adopted: 

- Bolt the packing pieces to the platen;
- Place a metal plate of adequate thickness to intercept the 'missile'; 

- Clear personnel from the hazard area. 

8.2 Thermal techniques

The basic principle behind thermal techniques is to create sufficiently high local stresses so that, on cooling, the component is pulled back into shape. 


Figure 15 Localised heating to correct distortion
This is achieved by locally heating the material to a temperature where plastic deformation will occur as the hot, low yield strength material tries to expand against the surrounding cold, higher yield strength metal. On cooling to room temperature the heated area will attempt to shrink to a smaller size than before heating. The stresses generated thereby will pull the component into the required shape, (Figure 15).
Local heating is, therefore, a relatively simple but effective means of correcting welding distortion. Shrinkage level is determined by size, number, location and temperature of the heated zones. Thickness and plate size determines the area of the heated zone. Number and placement of heating zones are largely a question of experience. For new jobs, tests will often be needed to quantify the level of shrinkage.

Spot, line, or wedge-shaped heating techniques can all be used in thermal correction of distortion.

8.2.1 Spot heating



Figure 16 Spot heating for correcting buckling

Spot heating (Figure 16), is used to remove buckling, for example when a relatively thin sheet has been welded to a stiff frame. Distortion is corrected by spot heating on the convex side. If the buckling is regular, the spots can be arranged symmetrically, starting at the centre of the buckle and working outwards. 

8.2.2 Line heating


Figure 17 Line heating to correct angular distortion in a fillet weld.
Heating in straight lines is often used to correct angular distortion, for example, in fillet welds (above Figure). The component is heated along the line of the welded joint but on the opposite side to the weld so the induced stresses will pull the flange flat.

8.2.3 Wedge-shaped heating

To correct distortion in larger complex fabrications it may be necessary to heat whole areas in addition to employing line heating. The pattern aims at shrinking one part of the fabrication to pull the material back into shape. 


Figure 18 Use of wedge-shaped heating to straighten plate

Apart from spot heating of thin panels, a wedge-shaped heating zone should be used, (Figure 18) from base to apex and the temperature profile should be uniform through the plate thickness. For thicker section material, it may be necessary to use two torches, one on each side of the plate.

As a general guideline, to straighten a curved plate wedge dimensions should be:

· Length of wedge - two-thirds of the plate width. 

· Width of wedge (base) - one sixth of its length (base to apex). 

The degree of straightening will typically be 5mm in a 3m length of plate. Wedge-shaped heating can be used to correct distortion in a variety of situations, (see Figure 19):

· Standard rolled section, which needs correction in two planes, (Figure 19a). 

· Buckle at edge of plate as an alternative to rolling (Figure 19b). 

· Box section fabrication, which is distorted out of plane (Figure 19c).
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Figure 19 Wedge shaped heating to correct distortion:
a) Standard rolled steel section;
b) Buckled edge of plate;
c) Box fabrication.
8.2.4 General precautions
The dangers of using thermal straightening techniques are the risk of over-shrinking too large an area or causing metallurgical changes by heating to too high a temperature. As a general rule, when correcting distortion in steels the temperature of the area should be restricted to approximately 60‑650°C – dull red heat. 

If the heating is interrupted, or the heat lost, the operator must allow the metal to cool and then begin again.

8.2.5 Best practice for distortion correction by thermal heating
The following should be adopted when using thermal techniques to remove distortion: 

· Use spot heating to remove buckling in thin sheet structures. 

· Other than in spot heating of thin panels, use a wedge-shaped heating technique. 

· Use line heating to correct angular distortion in plate. 

· Restrict the area of heating to avoid over-shrinking the component. 

· Limit the temperature to 60-650°C (dull red heat) in steels to prevent metallurgical damage. 

· In wedge heating, heat from the base to the apex of the wedge, penetrate evenly through the plate thickness and maintain an even temperature.
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