	The number of pounds of welding electrode or welding wire necessary to complete a given joint may be calculated by the formulas:
P=
WL
E
where:
P = Pounds of electrode or wire required
W=Weight per foot of weld metal
L = Length of weld (feet)
E= Deposition efficiency
WEIGHT PER FOOT OF WELD METAL
Calculating the weight of weld metal requires that we consider the following items:
1. Area of the cross-section of the weld. 

2. Length of the weld. 

3. Volume of the weld in cubic inches. 

4. Weight of the weld metal per cubic inch. 

In the fillet weld shown below, the area of the cross-section (the triangle) is equal to the half the base times the height, the volume of the weld is equal to the area times the length, and the weight of the weld then, is the volume times the weight of the material (steel) per cubic inch.
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ABSTRACTS
Repairs are required for pressure vessels in order to restore its original / intended operating condition, safe operation and to prolong trouble free service life. The vessel condition deteriorate due to various factors mainly Mechanical Problems, Process Related Problems and Corrosion Problems. Repairs are required to be planned and carried out under the strict supervision and control of a competent Inspector.
The paper briefs the various steps involved in:
· Decision making for the repairs depending on location and nature of defect within the pressure vessel as per ASME as well as API 510 code. 

· Welding procedure qualifications. 

· Materials and Welding consumables to be used for procedure qualification. 
· Requirements and limitations of controlled deposition welding as an alternative to PWHT, or where Impact testing is a requirement. 

· By using preheating methods where Impact testing is not a requirement. 
· Method of "Temper bead techniques". 

· Method of "Half bead technique". 

· NDT that can be employed before, during and after welding. 

· Necessity of PWHT and Hydrostatic tests. 

· Repairs and precautions during overlay weld repairs. 

· Methods and precautions to be taken during alterations and re-rating of pressure vessels. 

· Aspects of reporting and re-inspection. 

The Paper aims to brief the interested audience involved in welding inspection and repairs of pressure vessels that can be conducted in Shut downs within Chemical, Refinery, Petrochemicals and Fertilizer industries; various methods of weld repairs and related activities such as testing after welding. 
Key Words: 
	Owner user
	:
	Owner or a user organization of the equipment.

	Repairer
	:
	The agency or organization, appointed by the owner user for repairs of the equipment.

	Inspector
	:
	A competent inspection engineer having full knowledge of the pressure vessel construction, in-service inspection welding etc. 

	Designer
	:
	A competent Pressure Vessel Design Engineer.

	Code
	:
	Code or standard used for design / construction and Inspection of Pressure vessel.

	NDT inspector
	:
	A competent NDT inspector having thorough knowledge and experience of NDT techniques involved in Construction and repairs.

	PWHT
	:
	Post Weld Heat Treatment given to the Pressure vessel during construction or repairs.



1.0 Introduction:
Repair and maintenance of parts and components is a major activity in any process industry. Repair welding can be carried out as a logical procedure that ensures the part is usable and safe. If repairs are done with proper care or precautions, it can avoid premature failures, large warranty claims, safety of property and personnel and result in satisfied customers. Failures of pressure vessels are still observed, which result in a costly down time of production and product losses also sometimes it results in environmental hazards and unsafe working conditions or disasters. Every owner user wants to extract highest possible safe service life from equipment.
The pressure vessel repairs also cannot be an exception this philosophy. Modern pressure vessels are constructed in accordance to a recognized code and established fabrication and welding practice.
2.0 Method of Inspection and decision for repairs. 
Pressure vessels are designed to any recognized code of design and construction. We must under stand that the design thickness can be considerably lower than the actual Fabricated . During design itself corrosion allowance is added in the base metal thickness and the manufacturer fabrication chooses the next available thickness. Thereby we have a excess thickness available for the service which result in a considerably lower operating stress value. 
Steps involved in the decision making for repairs. 
· Operating conditions, Inspection history, Material of construction of pressure vessel . 

· Reasons for failure . 

· Location of the damaged area by visual inspection and evaluation by NDTs. 
· Re-evaluate the need for repairs (Back to design calculations). 

· Repair Methods, (For pressure retaining parts) . 

· Preparation of repair procedures. 
· Replacement of major components. 

2.1 Operating conditions, Inspection history, Material of construction of Pressure vessel:
A careful study of the operating parameters and inspection history and properly maintained internal inspection reports, materials of construction, its behavior with the process fluid, welding techniques used during construction, design consideration etc, also gives an adequate confidence level about the use of pressure vessel. Such information is also useful for making the repair decision. 
Carefully selected material of construction and the fabrication procedures, welding procedures as well as inspection and certification by the competent inspection authorities during fabrication stage, always intend to give such information. 
2.2 Reasons for failures: 
Undesirable premature failures can occur due to any one or more of the following reasons . Faulty design, faulty workmanship, wrongly selected material of construction, wrong welding techniques such premature failures generally occur in an early service period, where as the normal service failures are attributed to corrosion, changes in the working parameters, operation of the vessel for which it is not designed, impurities in the operating fluids, metallurgical changes in the base metal etc.
Once the damage is identified the pressure vessels must be thoroughly inspected to evaluate the extent of damage, need for repair and the repair method. 
Thorough visual inspection of the pressure vessel can be supplemented by a suitable NDT examination, to locate the defects and the extent. 
2.3 Location of the damaged area by visual inspection and evaluation by NDT.
On opening the equipment it is necessary to make it safe for entry as the remaining fluid or fumes of gases could be dangerous for human life. The personnel may be required to stay for internal inspection there could be possible repairs where hot work is involved, there fore a safe entry permit from a competent authority i.e from the safety and operation departments. 
During internal inspection, some responsible operator should always be accessible to the inspector performing internal inspection. Such assistance can always be handy for any critical situation. 
The external surface should be checked for any corrosion below the insulation, obvious leakages, structural attachments, connections, foundations, leak proof tightness of pressure relief valves etc.
The internal surface should be reasonably cleaned so as to visually verify its condition , condition of threaded connections, Flange connections, closures, internalsand damage due to corrosion. Different corrosion problems anticipated are pitting, line corrosion., General uniform corrosion, grooving, Galvanic corrosion, Fatigue, Creep, temperature, Hydrogen attack / Embritterment, Stress corrosion cracking, Inter-granular corrosion, etc. 
The identified damage can be supplemented by NDT for the extent, where by decision for repairs can be taken confidently, various NDT possible, are UT thickness measurement, UT scanning, RT, MPI and LPT. 
2.4 Re-evaluate the need for repairs (Back to design calculations)
Based on the NDT results obtained, the same can be verified by the designer and inspector by performing design calculations, to ensure that the remaining thickness is still safe, and whether the repairs are warranted or not. 
Based on the remaining thickness corrosion rates are calculated and the MAWP at the available thickness also calculated. If the MAWP required is lower that the calculated MAWP then the repairs are not warranted provided the owner user is ready to carry out internal inspection as per next scheduled interval. 
Location of defect is also important. On base metal away from the weld metal, a monitor thinning can be left unattended. In event there are borderline case the thickness can be recalculated by carrying our full RT and thereby revising the Joint efficiency.
Following design considerations are reviewed during re-evaluation 
· Patch repairs welded by fillet welding can be used on temporary basis. Such repairs shall be checked and verified by the design Engineer. The same should be replaced with permanent measure at the next available maintenance opportunity. A fully encirclement lap joint may be considered as a permanent repair method. Such full encirclement patches shall also be designed to meet the code requirements. 

· Minimum thickness observed shall be evaluated for MAWP and the corrosion rate, so as to decide the next inspection interval. 
· Location of localized corrosion, such as on the base metal, away from L seam, Away from C seam, on the weld joints, on crown portion of the head, etc. thereby, comparing the original design requirement. e.g. by carrying out L seam Radiography, the joint efficiency can be revised to 1 and the remaining thickness acceptable can be revised. 

· The Inspector should think out all such possibilities and advise the owner user, so as to take a precise judgment on the repair. 

2.5 Repair methods: (For pressure retaining parts)
· The cracks are gouged out or removed and weld repairs can be carried out from both sides, if approach is available, 

· The deep pits or localized corrosion can be weld built to restore the original thickness. 
· The larger area, which cannot be welded by build up, can be replaced with patch or a shell course or a head. 

So far SMAW or GTAW has been the most widely accepted welding processes in the industry, for its availability of welding equipment and skilled welders. However FCAW or GMAW processes can also be used if sufficient expertise and equipment are available.
Need less to state that any code requirements, contractual requirements or any statutory / regulatory requirement must be complied during weld repairs. 
Original construction drawing, calculation data and inspection records are important for repairs. If the original construction data is not accessible, then an analysis of the base material, including previous weld deposits, becomes mandatory. If dimensions require close tolerances or if flatness is critical, then benchmarks that will aid the repair without causing excessive and expensive damage to the work piece must be established.
The crack in weld joint or a defect in the base metal can be repaired by preparing a "U" or a "V" groove to the full depth and length of crack and then fill up by weld metal deposit as described here. If the crack exists in the stress concentration region then consult a competent pressure vessel design Engineer. Corroded area may be restored by weld metal deposition as described here. 
2.6 Preparation of a repair procedure: 
The repair procedure should take care of the requirements of the base metal, welding consumables, sequential weld deposits, requirements of preheat, Interpass temperature, post weld heating, PWHT, impact test and the NDT requirements. 
The repair procedure shall be qualified as per the recognized code such as ASME sec IX, using an experienced welder. Maintain the records of procedure qualification as well as performance qualification. 
If PWHT is required in original construction and it is not practicable or advisable during repairs, then the Inspector and the Pressure Vessel Design Engineer shall review the reason for original PWHT of the equipment. If the Original reason why PWHT was done is due to the service requirements, then the alternative methods given below may be avoided, Details of Repair Procedures and consideration are given in 3.0 of this article. It is allowed by the Repair & Inspection code to avoid the PWHT as well as Pressure test after repairs.
3.0 Considerations for repair Procedures: [1 , 2] 

3.1 Repair procedure alternative to PWHT, Pre heating method, where impact testing is not done on the original equipment. 
· Impact testing is not required when this welding method is used. 

· This procedure is limited to P1-Gr. 1 & 2; P3 -Gr. 1 & 2 (Excluding Mn-Mo steels) 

· The weld area is pre heated and maintained at a minimum 150 deg C, during welding. The temperature is measured to ensure 4" material or 4 times thickness (whichever is greater) from the each edge of weld is maintained during welding. 
· The maximum Interpass temperature does not exceed 315 deg C 
· Carry out welding as per the qualified procedure. 

3.2 Repair procedure alternative to PWHT, where impact testing is performed on the original equipment. 
When the original construction required impact test, Notch toughness testing as required by the code of construction is required. A procedure need to be qualified separately by using a groove welding on the plate Some additional requirements that can be considered over and above the supplementary essential variable are: 
· This procedure is limited to P1; P3 and P4 steels. 
· All supplementary essential elements of ASME Section IX para QW-250 are applied. 

· The weld area is pre heated and maintained at a minimum 150 deg C, during welding. The temperature is measured to ensure 4" material or 4 times thickness (whichever is greater) from the each edge of weld is maintained during welding. 
· The maximum Interpass temperature does not exceed 315 deg C . 

· Maximum heat input shall be calculated and implemented during repairs. The maximum heat inputs as per qualified procedure must not exceed during welding. 

· Qualification thickness for the plate material and the grooves are as per the table 1. 
· If the welding is to be done under NACE standard, MR 0175, then additional test for hardness measure to be applied. 

· For SMAW welding process, electrodes with additional supplemental diffusible hydrogen designator H8 or lower shall be used. The gas used in GTAW or GMAW or FCAW shall exhibit a dew point no higher than minus 50 deg C. 

· Welding shall be carried out as per controlled deposition, temper bead or Half bead technique. 
· After completion of welding, without allowing to reduce the preheat, the temperature is raised to 230 to 280 Deg C. and held for minimum period of about 2 Hrs to assist as Hydrogen bake out treatment. 

· The Hydrogen bake out treatment can be omitted if electrodes having supplemental diffusible hydrogen designator H4 are used. 

· After cooling the weld metal, the excess layer of reinforcement is ground off to match the surface contour of base metal. 
3.3 Non-Destructive Examination and testing of repaired location.
· The prepared surface can be checked by using MPI or LPT before welding. 

· After completion of welding, NDE acceptable to the Authorized Inspector or the owner user are selected and applied to ensure soundness of the weld. 

· After repairs the need for pressure test is to be decided by the Inspector. The test temperature and the minimum design metal temperature of Pressure vessel shall be carefully evaluated. 

· If Hydrostatic test is impracticable, then pneumatic test should be considered with appropriate safety consideration. 

3.4 Repair to Stainless steel overlays and clad.
· In event any overlay or cladding area is removed, then the base metal gets exposed to the service environment. 
· The Inspector should give consideration to remove the possible entrapped hydrogen if the service and the base metal is prone to hydrogen entrapment, hydrogen embrittlement, Temper embrittlement etc. A heating treatment such as Hydrogen bake out at 230 to 280Deg C, for about 2 Hrs. shall be given. 

4.0 Execution of welding repairs: 
· The repairer, under close supervision and surveillance of the Inspector, executes actual repairs. The written and qualified procedures are strictly followed. In case the Impact testing is specified, the welding parameters are also monitored and ensured to be within the range at which the procedure is qualified. 

· Specified NDE before welding repairs and after welding repairs are carried out and shall be approved by the Inspector. 

· After repairs the inspection record and the history of equipment, giving details of repairs, is updated and next inspection schedule shall be recommended to the owner user.

5.0 Welding techniques: [1, 2] 

5.1 Temper bead welding technique:
The heat affected zone of the bottom bead due to the top bead applied with lower size electrode, leaves less than 20 to 30 % of the weld metal cross sectional area as a " typical columnar grains" and the balance is a normalized structure. 
The top layer of the reinforcement mainly consisting of columnar grains, is required to be ground out, to match the surface contour.
5.2 Half bead welding technique:
After every pass, the top half of the weld bead is ground off before applying the next layer.
Such half bead technique also achievs the similar effect of temper bead technique, but then the consumption of welding electrodes can shoot up.
6.0 Conclusion: 
I wish to draw the following conclusions:
· Repairs of pressure vessels are not always warranted, the decision of welding repairs must be taken with due consideration to the location of defect, carefully evaluated and interpreted NDE results, Design Calculations, Construction condition such as PWHT and Impact test. 
· Once the decision of welding repairs is taken then it is necessary to document the repair procedure giving details of NDT test necessary, Per heat and PWHT, welding sequence, monitoring the welding parameters, pressure test requirements etc. 

· Prepare the inspection reports and follow up inspection at a predefined inspection interval. 

7.0 References:
· API 510 - Pressure vessel inspection code. 

· ANSI NB 23 - National Board Inspection code. 

Table 1: Qualification thicknesses for test coupon and test repair groove.
	Depth of
Test Groove
	Repair groove Depth
	Thickness of
Test Coupon
	Plate Thickness of Base

	t
	< t
	< 2"
	Up to 2"

	t
	< t
	> 2"
	Above 2"
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‘parent metal directly under the weld has
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Course grains are normally defined as greater
than 50um in size, grains less than this size
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subjecting it to @ metalographic examination

Therefore, to improve HAZ toughness
we need a welding technique that
cither reduces or eliminates this
course region from the parent metal
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metal vill stll reduce toughness, but
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‘The first layer of weld should consist of small beads, deposited using low heat input to
ensure minimum penetration info the parent metal. This can be achieved by using small
electrodes, welding in the horizontal position, and adjusting the angle of the electrode or
torch to minimise pensiration. Great care must be taken to avoid hydrogen cracking and
lack of fusion defects

4.50/50 bead overlap will reduce the course grained area, but not necessarily remove it
altogether.

Depositing a bigger weld bead on top of the smaller ones, such that is refined zone
overlaps the coarse areas created by the original runs, i the preferred technique
Sometimes the first beads are ground down slightly to enable the refined zones of the
next beads to line up correctly.

‘The final bead of any welding sequence should be deposited in the middle of the cap,
away from the parent metal.

Unfortunately, whilst this may appear easy in theory, in practice i can be diffcult to
achieve. It requires the production of many test weld simulations and metallographic
examinations, before suffcient confidence can be gained to perform the actual
production weld. Therefore it's much easier to carry out PWEHT, except for repairs
carried out in simations where PWHT may be impractical




Although the manual metal arc (MMA) process has relatively basic equipment requirements, it is important that the welder has a knowledge of operating features and performance to comply with welding procedures for the job and, of course, for safety reasons. 
Equipment
The main components of the equipment required for welding are: 
· power source 
· electrode holder and cables 
· welder protection 
· fume extraction 
Tools required include: a wire brush to clean the joint area adjacent to the weld (and the weld itself after slag removal); a chipping hammer to remove slag from the weld deposit; and, when removing slag, a pair of clear lens goggles or a face shield to protect the eyes (lenses should be shatter-proof and noninflammable). 
Power source
The primary function of a welding power source is to provide sufficient power to melt the joint. However with MMA the power source must also provide current for melting the end of the electrode to produce weld metal, and it must have a sufficiently high voltage to stabilise the arc. 
MMA electrodes are designed to be operated with alternating current (AC) and direct current (DC) power sources. Although AC electrodes can be used on DC, not all DC electrodes can be used with AC power sources.
As MMA requires a high current (50-30OA) but a relatively low voltage (10-50V), high voltage mains supply (240 or 440V) must be reduced by a transformer. To produce DC, the output from the transformer must be further rectified. To reduce the hazard of electrical shock, the power source must function with a maximum no-load voltage, that is, when the external (output) circuit is open (power leads connected and live) but no arc is present. The no-load voltage rating of the power source must be in accordance with the type of welding environment or hazard of electrical shock. The power source may have an internal or external hazard reducing device to reduce the no-load voltage; the main welding current is delivered as soon as the electrode touches the workpiece. For welding in confined spaces, you should use a low voltage safety device to limit the voltage available at the holder to approximately 25V.
There are five types of power source:
· AC transformer 

· DC rectifier 
· AC/DC transformer-rectifier 
· DC generator 
· Inverter power sources 

AC electrodes are frequently operated with the simple, single phase transformer with current adjusted by means of tappings or sliding core control. DC rectifiers and AC/DC transformer-rectifiers are controlled electronically, for example by thyristors. A new generation of power sources called inverters is available. These use transistors to convert mains AC (50Hz) to a high frequency AC (over 500 Hz) before transforming down to a voltage suitable for welding and then rectifying to DC. Because high frequency transformers can be relatively small, principal advantages of inverter power sources are undoubtedly their size and weight when the source must be portable. 
Electrode holder and cables 
The electrode holder clamps the end of the electrode with copper contact shoes built into its head. The shoes are actuated by either a twist grip or spring-loaded mechanism. The clamping mechanism allows for quick release of the stub end. For efficiency the electrode has to be firmly clamped into the holder, otherwise poor electrical contact may cause arc instability through voltage fluctuations. Welding cable connecting the holder to the power source is mechanically crimped or soldered
It is essential that good electrical connections are maintained between electrode, holder and cable. With poor connections, resistance heating and, in severe cases, minor arcing with the torch body will cause the holder to overheat. Two cables are connected to the output of the power source, the welding lead goes to the electrode holder and the current return lead is clamped to the workpiece. The latter is often wrongly referred to as the earthlead. A separate earth lead is normally required to provide protection from faults in the power source. The earth cable should therefore be capable of carrying the maximum output current of the power source.
Cables are covered in a smooth and hard-wearing protective rubberised flexible sheath. This oil and water resistant coating provides electrical insulation at voltages to earth not exceeding 100V DC and AC (rms value). Cable diameter is generally selected on the basis of welding current level, As these electrode types are When welding, the welder air movement should be from duty cycle and distance of the work from the power source. The higher the current and duty cycle, the larger the diameter of the cable to ensure that it does not overheat (see BS 638 Pt 4). If welding is carried out some distance from the power source, it may be necessary to increase cable diameter to reduce voltage drop.
Care of electrodes
The quality of weld relies upon consistent performance of the electrode. The flux coating should not be chipped, cracked or, more importantly, allowed to become damp. 
Storage
Electrodes should always be kept in a dry and well-ventilated store. It is good practice to stack packets of electrodes on wooden pallets or racks well clear of the floor. Also, all unused electrodes which are to be returned should be stored so they are not exposed to damp conditions to regain moisture. Good storage conditions are 10 degrees C above external air temperature. As the storage conditions are to prevent moisture from condensing on the electrodes, the electrode stores should be dry rather that warm. Under these conditions and in original packaging, electrode storage time is practically unlimited. It should be noted that electrodes are now available in hermetically sealed packs which obviate the need for drying. However, if necessary, any unused electrodes must be redried according to manufacturer's instructions. 
Drying of electrodes
Drying is usually carried out following the manufacturer's recommendations and requirements will be determined by the type of electrode.
Cellulosic coatings
As these electrode coatings are designed to operate with a definite amount of moisture in the coating, they are less sensitive to moisture pick-up and do not generally require a drying operation. However, in cases where ambient relative humidity has been very high, drying may be necessary. 
Rutile coatings
These can tolerate a limited amount of moisture and coatings may deteriorate if they are overdried. Particular brands may need to be dried before use. 
Basic and basic/rutile coatings
Because of the greater need for hydrogen control, moisture pick-up is rapid on exposure to air. These electrodes should be thoroughly dried in a controlled temperature drying oven. Typical drying time is one hour at a temperature of approximately 150 to 300 degrees C but instructions should be adhered to. 
After controlled drying, basic and basic/rutile electrodes must be held at a temperature between 100 and 150 degrees C to help protect them from re-absorbing moisture into the coating. These conditions can be obtained by transferring the electrodes from the main drying oven to a holding oven or a heated quiver at the workplace.
Protective clothing
When welding, the welder must be protected from heat and light radiation emitted from the arc, spatter ejected from the weld pool, and from welding fume. 
Hand and head shield
For most operations a hand-held or head shield constructed of lightweight insulating and non-reflecting material is used. Theshield is fitted with a protective filter glass, sufficiently dark in colour and capable of absorbmg the harmful infrared and ultraviolet rays. The filter glasses conform to the strict requirements of BS 679 and are graded according to a shade number which specifies the amount of visible light allowed to pass through - the lower the number, the lighter the filter. The correct shade number must be used according to the welding current level, for example: 
Shade 9 - up to 40A
Shade 10 - 40 to 80A 
Shade 11 - 80 to 175A 
Shade 12 - 175 to 300A 
Shade 13 - 300 to 500A 
Clothing
For protection against sparks, hot spatter, slag and burns, a leather apron and leather gloves should be worn. Various types of leather gloves are available, such as short or elbow length, full fingered or part mitten. 
Fume extraction
When welding within a welding shop, ventilation must dispose harmlessly of the welding fume. Particular attention should be paid to ventilation when welding in a confined space such as inside a boiler, tank or compartment of a ship. Fume removal should be by some form of mechanical ventilation which will produce a current of fresh air in the immediate area. Direction of the air movement should be from the welder's face towards the work. This is best achieved by localised exhaust ventilation using a suitably designed hood near to the welding area.
PROCESS
When an arc is struck between the metal rod (electrode) and the workpiece, both the rod and workpiece surface melt to form a weld pool. Simultaneous melting of the flux coating on the rod will form gas and slag which protects the weld pool from the surrounding atmosphere. The slag will solidify and cool and must be chipped off the weld bead once the weld run is complete (or before the next weld pass is deposited). 
The process allows only short lengths of weld to be produced before a new electrode needs to be inserted in the holder. Weld penetration is low and the quality of the weld deposit is highly dependent on the skill of the welder.
Types of flux/electrodes
Arc stability, depth of penetration, metal deposition rate and positional capability are greatly influenced by the chemical composition of the flux coating on the electrode. Electrodes can be divided into three main groups: 
· Cellulosic 

· Rutile 
· Basic 

Cellulosic electrodes contain a high proportion of cellulose in the coating and are characterised by a deeply penetrating arc and a rapid burn-off rate giving high welding speeds. Weld deposit can be coarse and with fluid slag, deslagging can be difficult.
These electrodes are easy to use in any position and are noted for their use in the 'stovepipe' welding technique.
Features:
· deep penetration in all positions 
· suitability for vertical down welding 
· reasonably good mechanical properties 
· high level of hydrogen generated - risk of cracking in the heat affected zone (HAZ) 
Rutile electrodes contain a high proportion of titanium oxide (rutile) in the coating. Titanium oxide promotes easy arc ignition, smooth arc operation and low spatter. These electrodes are general purpose electrodes with good welding properties. They can be used with AC and DC power sources and in all positions. The electrodes are especially suitable for welding fillet joints in the horizontal/vertical (H/V) position.
Features:
· moderate weld metal mechanical properties 
· good bead profile produced through the viscous slag 
· positional welding possible with a fluid slag (containing fluoride) 
· easily removable slag 

Basic electrodes contain a high proportion of calcium carbonate (limestone) and calcium fluoride (fluorspar) in the coating. This makes their slag coating more fluid than rutile coatings - this is also fast-freezing which assists welding in the vertical and overhead position. These electrodes are used for welding medium and heavy section fabrications where higher weld quality, good mechanical properties and resistance to cracking (due to high restraint) are required.
Features:
· low weld metal produces hydrogen 
· requires high welding currents/speeds 
· poor bead profile (convex and coarse surface profile) 
· slag removal difficult 
Metal powder electrodes contain an addition of metal powder to the flux coating to increase the maximum permissible welding current level. Thus, for a given electrode size, the metal deposition rate and efficiency (percentage of the metal deposited) are increased compared with an electrode containing no iron powder in the coating. The slag is normally easily removed. Iron powder electrodes are mainly used in the flat and H/V positions to take advantage of the higher deposition rates. Efficiencies as high as 130 to 140% can be achieved for rutile and basic electrodes without marked deterioration of the arcing characteristics but the arc tends to be less forceful which reduces bead penetration.
Power source
Electrodes can be operated with AC and DC power supplies. Not all DC electrodes can be operated on AC power sources, however AC electrodes are normally used on DC. 
Welding current
Welding current level is determined by the size of electrode - the normal operating range and current are recommended by manufacturers. Typical operating ranges for a selection of electrode sizes are illustrated in the table. As a rule of thumb when selecting a suitable current level, an electrode will require about 40A per millimeter (diameter). Therefore, the preferred current level for a 4mm diameter electrode would be 160A, but the acceptable operating range is 140 to 180A.
What's new
Transistor (inverter) technology is now enabling very small and comparatively low weight power sources to be produced. These power sources are finding increasing use for site welding where they can be readily transported from job to job. As they are electronically controlled, add-on units are available for TIG and MIG welding which increase the flexibility. Electrodes are now available in hermetically sealed containers. These vacuum packs obviate the need for baking the electrodes immediately prior to use. However, if a container has been opened or damaged, it is essential that the electrodes are redried according to the manufacturer's instructions..
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USEFUL FORMULAE
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1. Carbon Equivalent :
C,:C+Mn/6+ (Cr+ Mo+ V)/S+(Nl+Cu) /16

2. % Delta Ferrite :
%F:3(Cr, - 093N 6.7]

3. Heat Input :
VxIx60

H (KJ/mm)
v, x 1000
Where Voltage
Current

Welding speed In mm/min,

4. Preheating
C,=CoMn+N+Cu+CreMo+V
5 15 B

€,=C x0.005x1,,
C,=C +C,
Preheat temperature °C : 350 /T, -0.25




	ELECTRODE CLASSIFICATION
· The preffix "E" designates arc welding elsctrodes. 

· The first two digits of 4 digit Nos. and first 3 digits of 5 digit Nos. indicate minium Tensile strength. 

E-
60xx indicates minimum tensile strength 60,000 p.s.i.
E-
70xx indicates minimum tensile strength 70,000 p.s.i.
E-
80xx indicates minimum tensile strength 80,000 p.s.i.
E-
90xx indicates minimum tensile strength 90,000 p.s.i.
E-
100xx indicates minimum tensile strength 1,00,000 p.s.i.
E-
110xx indicates minimum tensile strength 1,10,000 p.s.i.
· Second last digit indicates the welding position. 

1. All positions 

2. Flat position and horizontal fillets. 

· The last two digits together indicate the welding position giving coating type, current & polarity. 

10.
Suitable for all welding positions. Coating contains much cellulose. Fierce arc giving deep penetration. Thin, brittle slag. Can be used with DC(+) only.
11.
Similar type but specially for use on Ac. Can also be used with DC(+) but at the expense of good weldability.
12.
Suitable for all welding positions but in practice used mainly in flat and horixontal position. Coating contains large amount of titanium oxide. Can be used with AC and DC(-).
13.
Similar type giving satisfactory operation at lower OCV. Suitable for all welding positions. Can be used with AC and DC(-).
14.
Similar type with increased efficiency. Coating contains iron powder. Can be used with AC, DC(+) and DC(-)
15.
Suitable for all welding positions. Basic coating. Can be used with DC(+) only.
16.
Similar type but can be used with AC and DC(+).
18.
Similar type but can be used with AC and DC(+)
20.
Suitable for use in flat position and for standing fillets. Coating contains large amount of iron oxide. Acid type, Brittle, porous slag deraches easily. Can be used with AC, DC(+) and DC(-)
24.
Suitable for use in flat position and for standing fillets. Rutile type with higher efficiency (more iron powder) than type Exx 14. Can be used with AC and DC(+).
27.
Suitable for use in flat position and for standing fillets.Acid type
contact electrode.can be used with AC and DC(-)
28.
Suitable for use in flat position and for standing fillets.Efficiency
higher than for type EXX 18. Can be used with AC and DC (+)
· The (EXXXX-'') indicates the approximate alloy in the weld deposits. 
A1-0.5%Mo
B1 -0.5%Cr 0.5%Mo
B2 -1.25%Cr 0.5%Mo
B3 -2.25%Cr 1%Mo
B4 -2%Cr 0.5Mo
B5 -0.5%Cr 1%Mo
C1 -2.5%Ni
C2 -3.5%Ni
C3 -1%Ni 0.35Mo 0.15%Cr
D1, D2-0.25 - 0.45%Mo, 1.75%Mn
G -1%minMn, 0.5%minNi, 0.3%minCr, 0.2%minMo, 0.1%minV
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13-1. GENERAL 
To ensure the satisfactory performance of a welded structure, the quality of the welds must be determined by adequate testing procedures. Therefore, they are proof tested under conditions that are the same or more severe than those encountered by the welded structures in the field. These tests reveal weak or defective sections that can be corrected before the materiel is released for use in the field. The tests also determine the proper welding design for ordnance equipment and forestall injury and inconvenience to personnel 
13-2. TESTING OF MILITARY MATERIEL
a. Weapons can be proof tested by firing from cover with an every heavy charge too determine the safety of the welded piece. 
b. Automotive materiel can be tested at high speeds over rough ground to determine its road safety. 
c. Welded armor plate and other heavy structural members can be tested by gun strength fire with projectiles of various calibers to determine their strengths under shock.
d. Other similar tests are used to check the performance of complex structures; however, because the piece of materiel may consist of several types of metals welded with various filler metals, the successful operation of the entire structure requires that each weld must be able to withstand the particular load for which it is designed. For this reason, a number of physical tests have been devised to determine the strength and other characteristics of the welds used in the structure. 
13-3. FIELD INSPECTION OF WELDS AND EQUIPMENT REPAIRED BY WELDING 
a. General. A definite procedure for the testing of welds is not set up as a part of the normal routine of ordnance units operating under field conditions. If facilities are available, some of the physical testing methods may be instituted. In general, however, the item welded is subjected to a thorough visual examination by a qualified inspector, and if found to be satisfactory, it is then returned to the using arm or service. 
b. Inspection Procedure. The finished weld should be inspected for undercut, overlap, surface checks, cracks, or other defects. Also, the degree of penetration and side wall fusion, extent of reinforcement, and size and position of the welds are important factors in the determination as to whether a welding job should be accepted or rejected, because they all reflect the qualify of the weld. 
c. Destructive Tests of Experimental Welds. If special circumstances require the use of a new or novel welding procedure, new welding material, or unfamiliar apparatus, and when welding operators lack experience in their use, it is advisable to make experimental welds with scrap or unsalvageable material. These welds or welded materials must be subjected to destructive tests. The required development of procedure and familiarity with equipment can be attained in this manner. 
d. Performance Tests. When materiel has been repaired by standard welding procedures, visual inspection should be sufficient to determine the efficiency of the weld. However, after the repaired item has been returned to the using arm or service, the item should be subjected to such practical tests as are necessary to prove its ability to withstand the strains and stresses of normal service. This will involve the towing or driving of mobile equipment over terrain that it is normally expected to traverse and the firing of artillery pieces to ensure that the repair will not break down under the forces of recoil. In most cases, the item can be placed in service with instructions to the using personnel to make one or more thorough inspections after the item has been in service a short time and to report signs of possible failure or unsatisfactory performance. Defective repaired parts can, in this way, be detected before serious trouble results. 
VISUAL INSPECTION AND CORRECTIONS 
13-4. INCOMPLETE PENETRATION 
This term is used to describe the failure of the filler and base metal to fuse together at the root of the joint. Bridging occurs in groove welds when the deposited metal and base metal are not fused at the root of the joint. The frequent cause of incomplete penetration is a joint design which is not suitable for the welding process or the conditions of construction. When the groove is welded from one side only, incomplete penetration is likely to result under the following conditions. 
a. The root face dimension is too big even though the root opening is adequate.
b. The root opening is too small.
c. The included angle of a V-groove is too small.
d. The electrode is too large.
e. The rate of travel is too high.
f. The welding current is too low.
13-5. LACK OF FUSION 
Lack of fusion is the failure of a welding process to fuse together layers of weld metal or weld metal and base metal. The weld metal just rolls over the plate surfaces. This is generally referred to as overlap. Lack of fusion is caused by the following conditions: 
a. Failure to raise to the melting point the temperature of the base metal or the previously deposited weld metal. 
b. Improper fluxing, which fails to dissolve the oxide and other foreign material from the surfaces to which the deposited metal must fuse. 
c. Dirty plate surfaces. 
d. Improper electrode size or type. 
e. Wrong current adjustment. 
13-6. UNDERCUTTING 
Undercutting is the burning away of the base metal at the toe of the weld. Undercutting may be caused by the following conditions: 
a. Current adjustment that is too high.
b. Arc gap that is too long.
c. Failure to fill up the crater completely with weld metal. 
13-7. SLAG INCLUSIONS
Slag inclusions are elongated or globular pockets of metallic oxides and other solids compounds. They produce porosity in the weld metal. In arc welding, slag inclusions are generally made up of electrode coating materials or fluxes. In multilayer welding operations, failure to remove the slag between the layers causes slag inclusions. Most slag inclusion can be prevented by:
a. Preparing the groove and weld properly before each bead is deposited.
b. Removing all slag.
c. Making sure that the slag rises to the surface of the weld pool.
d. Taking care to avoid leaving any contours which will be difficult to penetrate fully with the arc. 
13-8. POROSITY
a. Porosity is the presence of pockets which do not contain any solid material. They differ from slag inclusions in that the pockets contain gas rather than a solid. The gases forming the voids are derived form: 
(1) Gas released by cooling weld because of its reduced solubility temperature drops. 
(2) Gases formed by the chemical reactions in the weld. 
b. Porosity is best prevented by avoiding: 
(1) Overheating and undercutting of the weld metal.
(2) Too high a current setting. 
(3) Too long an arc. 
13-9. GAS WELDING 
a. The weld should be of consistent width throughout. The two edges should form straight parallel lines. 
b. The face of the weld should be slightly convex with a reinforcement of not more than 1/16 in. (1.6 mm) above the plate surface. The convexity should be even along the entire length of the weld. It should not be high in one place and low in another. 
c. The face of the weld should have fine, evenly spaced ripples. It should be free of excessive spatter, scale, and pitting. 
d. The edges of the weld should be free of undercut or overlap. 
e. Starts and stops should blend together so that it is difficult where they have taken place. 
f. The crater at the end of the weld should be filled and show no holes, or cracks. 
(1) If the joint is a butt joint, check the back side for complete penetration through the root of the joint. A slight bead should form on the back side. 
(2) The root penetration and fusion of lap and T-joints can be checked by putting pressure on the upper plate until it is bent double. If the weld has not penetrated through the root, the plate will crack open at the joint as it is being bent. If it breaks, observe the extent of the penetration and fusion at the root. It will probably be lacking in fusion and penetration. 
13-10. GAS METAL-ARC WELDING (GMAW) WITH SOLID-CORE WIRE
a. Lack of Penetration. Lack of input in the weld area. This can be penetration is the result of too little heat corrected by: 
(1) Increasing the wire-feed speed and reducing the stickout distance.
(2) Reducing the speed of travel.
(3) Using proper welding techniques. 
b. Excessive Penetration. Excessive penetration usually causes burnthrough. It is the result of too much heat in the weld area. This can be corrected by: 
(1) Reducing the wire-feed speed and increasing the speed of travel.
(2) Making sure that the root opening and root face are correct.
(3) Increasing the stickout distance during welding and weaving the gun. 
c. Whiskers. Whiskers are short lengths of electrode wire sticking through the weld on the root side of the joint. They are caused by pushing the electrode wire past the leading edge of the weld pool. Whiskers can be prevented by: 
(1) Reducing the wire-feed speed and the speed of travel. 
(2) Increasing the stickout distance and weaving the gun. 
d. Voids. Voids are sometimes referred to as wagon tracks because of their resemblance to ruts in a dirt road. They may be continued along both sides of the weld deposit. They are found in multipass welding. Voids can be prevented by: 
(1) Avoiding a large contoured crown and undercut. 
(2) Making sure that all edges are filled in. 
(3) On succeeding passes , using slightly higher arc voltage and increasing travel speed. 
e. Lack of Fusion. Lack of fusion, also referred to as cold lap, is largely the result of improper torch handling, low heat, and higher speed travel. It is important that the arc be directed at the leading edge of the puddle. To prevent this defect, give careful consideration to the following: 
(1) Direct the arc so that it covers all areas of the joint. The arc, not the puddle, should do the fusing. 
(2) Keep the electrode at the leading edge of the puddle. 
(3) Reduce the size of the puddle as necessary by reducing either the travel speed or wire-feed speed.
(4) Check current values carefully. 
f. Porosity. The most common defect in welds produced by any welding process is porosity. Porosity that exists on the face of the weld is readily detected, but porosity in the weld metal below the surface must be determined by x-ray or other testing methods. The causes of most porosity are: 
(1) Contamination by the atmosphere and other materials such as oil, dirt, rust, and paint. 
(2) Changes in the physical qualities of the filler wire due to excessive current. 
(3) Entrapment of the gas evolved during weld metal solidification. 
(4) Loss of shielding gas because of too fast travel. 
(5) Shielding gas flow rate too low, not providing full protection. 
(6) Shielding gas flow rate too high, drawing air into the arc area. 
(7) Wrong type of shielding gas being used.
(8) Gas shield blown away by wind or drafts.
(9) Defects in the gas system.
(10) Improper welding technique, excessive stickout, improper torch angle, and too fast removal of the gun and the shielding gas at the end of the weld. 
g. Spatter. Spatter is made up of very fine particles of metal on the plate surface adjoining the weld area. It is usually caused by high current, a long arc, an irregular and unstable arc, improper shielding gas, or a clogged nozzle. 
h. Irregular Weld Shape. Irregular welds include those that are too wide or too narrow, those that have an excessively convex or concave surface, and those that have coarse, irregular ripples. Such characteristics may be caused by poor torch manipulation, a speed of travel that is too slow, current that is too high or low, improper arc voltage, improper stickout, or improper shielding gas.
i. Undercutting. Undercutting is a cutting away of the base material along the edge of the weld. It may be present in the cover pass weld bead or in multipass welding. This condition is usually the result of high current, high voltage, excessive travel speed, low wire-feed speed, poor torch technique, improper gas shielding or the wrong filler wire. To correct undercutting, move the gun from side to side in the joint. Hesitate at each side before returning to the opposite side. 
13-11. GAS METAL-ARC WELDING (GMAW) WITH FLUX-CORED WIRE
a. Burn-Through. Burn-through may be caused by the following: 
(1) Current too high.
(2) Excessive gap between plates.
(3) Travel speed too s1ow.
(4) Bevel angle too large.
(5) Nose too small.
(6) Wire size too small.
(7) Insufficient metal hold-down or clamping.
b. Crown Too High or Too Low. The crown of the weld may be incorrect due to the following: 
(1) Current too high or low.
(2) Voltage too high or low.
(3) Travel speed too high.
(4) Improper weld backing.
(5) Improper spacing in welds with backing.
(6) Workpiece not level.
c. Penetration Too Deep or Too Shallow. Incorrect penetration may be caused by any of the following: 
(1) Current too high or low. 
(2) Voltage too high or low. 
(3) Improper gap between plates. 
(4) Improper wire size. 
(5) Travel speed too slow or fast. 
d. Porosity and Gas Pockets. These defects may be the results of any of the following: 
(1) Flux too shallow. 
(2) Improper cleaning. 
(3) Contaminated weld backing. 
(4) Improper fitup in welds with manual backing. 
(5) Insufficient penetration in double welds. 
e. Reinforcement Narrow and Steep-Sloped (Pointed). Narrow and pointed reinforcements may be caused by the following: 
(1) Insufficient width of flux. 
(2) Voltage too low. 
f. Mountain Range Reinforcement. If the reinforcement is ragged, the flux was too deep. 
g. Undercutting. Undercutting may be caused by any of the following: 
(1) Travel speed too high. 
(2) Improper wire position (fillet welding). 
(3) Improper weld backing. 
h. Voids and Cracks. These weld deficiencies may be caused by any of the following: 
(1) Improper cooling. 
(2) Failure to preheat. 
(3) Improper fitup. 
(4) Concave reinforcement (fillet weld). 
PHYSICAL TESTING 
13-12. GENERAL 
a. The tests described in this section have been developed to check the skill of the welding operator as well as the quality of the weld metal and the strength of the welded joint for each type of metal used in ordnance materiel. 
b. Some of these tests, such as tensile and bending tests, are destructive, in that the test Specimens are loaded until they fail, so the desired information can be gained. Other testing methods, such as the X-ray and hydrostatic tests, are not destructive. 
13-13. ACID ETCH TEST 
a. This test is used to determine the soundness of a weld. The acid attacks or reacts with the edges of cracks in the base or weld metal and discloses weld defects, if present. It also accentuates the boundary between the base and weld metal and, in this manner, shows the size of the weld which may otherwise be indistinct. This test is usually performed on a cross section of the joint. 
b. Solutions of hydrochloric acid, nitric acid, ammonium per sulfate, or iodine and potassium iodide are commonly used for etching carbon and low alloy steels. 
13-14. GUIDED BEND TEST 
The quality of the weld metal at the face and root of the welded joint, as well as the degree of penetration and fusion to the base metal, are determined by means of guided bend tests. These tests are made in a jig (fig. 13-1). These test specimens are machined from welded plates, the thickness of which must be within the capacity of the bending jig. The test specimen is placed across the supports of the die which is the lower portion of the jig. The plunger, operated from above by a hydraulic jack or other device, causes the specimen to be forced into and to assure the shape of the die. To fulfill the requirements of this test, the specimens must bend 180 degrees and, to be accepted as passable, no cracks greater than 1/8 in. (3.2 mm) in any dimension should appear on the surface. The face bend tests are made in the jig with the face of the weld in tension (i.e., on the outside of the bend) (A, fig. 13–2). The root bend tests are made with the root of the weld in tension (i. e., on outside of the bend) (B, fig. 13-2). Guided bend test specimens are also shown the in figure 13-3. 
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Figure 13-1. Guided bend test jig.
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13-15. FREE BEND TEST
a. The free bend test has been devised to measure the ductility of the weld metal deposited in a weld joint. A test specimen is machined from the welded plate with the weld located as shown at A, figure 13-4. Each corner lengthwise of the specimen shall be rounded in a radius not exceeding one-tenth of the thickness of the specimen. Tool marks, if any, shall be lengthwise of the specimen. Two scribed lines are placed on the face 1/16 in. (1.6 mm) in from the edge of the weld. The distance between these lines is measured in inches and recorded as the initial distance X (B, fig. 13-4). The ends of the test specimen are then bent through angles of about 30 degrees, these bends being approximately one-third of the length in from each end. The weld is thus located centrally to ensure that all of the bending occurs in the weld. The specimen bent initially is then placed in a machine capable of exerting a large compressive force (C, fig. 13-4) and bent until a crack greater than 1/16 in. (1.6 mm) in any dimension appears on the face of the weld. If no cracks appear, bending is continued until the specimens 1/4 in. (6.4 mm) thick or under can be tested in vise. Heavier plate is usually tested in a press or bending jig. Whether a vise or other type of compression device is used when making the free bend test, it is advisable to machine the upper and lower contact plates of the bending equipment to present surfaces parallel to the ends of the specimen (E, fig. 13-4). This will prevent the specimen from slipping and snapping out of the testing machine as it is bent. 
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b. After bending the specimen to the point where the test bend is concluded, the distance between the scribed lines on the specimen is again measured and recorded as the distance Y. To find the percentage of elongation, subtract the initial from the final distance, divide by the initial distance, and multiply by 100 (fig. 13-4). The usual requirements for passing this test are that the minimum elongation be 15 percent and that no cracks greater than 1/16 in. (1.6 mm) in any dimension exist on the face of the weld. 
c. The free bend test is being largely replaced by the guided bend test where the required testing equipment is available. 
13-16. BACK BEND TEST
The back bend test is used to determine the quality of the weld metal and the degree of penetration into the root of the Y of the welded butt joint. The specimens used are similar to those required for the free bend test (para 13-15) except they are bent with the root of the weld on the tension side, or outside. The specimens tested are required to bend 90 degrees without breaking apart. This test is being largely replaced by the guided bend test (para 13-14).
13-17. NICK BREAK TEST 
a. The nick break test has been devised to determine if the weld metal of a welded butt joint has any internal defects, such as slag inclusions, gas pockets, poor fusion, and/or oxidized or burnt metal. The specimen is obtained from a welded butt joint either by machining or by cutting with an oxyacetylene torch. Each edge of the weld at the joint is slotted by means of a saw cut through the center (fig. 13-5). The piece thus prepared is bridged across two steel blocks (fig. 13-5) and stuck with a heavy hammer until the section of the weld between the slots fractures. The metal thus exposed should be completely fused and free from slag inclusions. The size of any gas pocket must not be greater than 1/16 in. (1.6 mm) across the greater dimension and the number of gas pockets or pores per square inch (64.5 sq mm) should not exceed 6. 
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b. Another break test method is used to determine the soundness of fillet welds. This is the fillet weld break test. A force, by means of a press, a testing machine, or blows of a hammer, is applied to the apex of the V shaped specimen until the fillet weld ruptures. The surfaces of the fracture will then be examined for soundness. 
13-18. TENSILE STRENGTH TEST 
a. This test is used to measure the strength of a welded joint. A portion of a to locate the welded plate is locate the weld midway between the jaws of the testing machine (fig. 13–6). The width thickness of the test specimen are measured before testing, and the area in square inches is calculated by multiplying these before testing , and the area in square inches is calculated by multiplying these two figures (see formula, fig. 13-6). The tensile test specimen is then mounted in a machine that will exert enough pull on the piece to break the specimen. The testing machining may be either a stationary or a portable type. A machine of the portable type, operating on the hydraulic principle and capable of pulling as well as bending test specimens, is shown in figure 13-7. As the specimen is being tested in this machine, the load in pounds is registered on the gauge. In the stationary types, the load applied may be registered on a balancing beam. In either case, the load at the point of breaking is recorded. Test specimens broken by the tensile strength test are shown in figure 13-3. 
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b. The tensile strength, which is defined as stress in pounds per square inch, is calculated by dividing the breaking load of the test piece by the original cross section area of the specimen. The usual requirements for the tensile strength of welds is that the specimen shall pull not less than 90 percent of the base metal tensile strength. 
c. The shearing strength of transverse and longitudinal fillet welds is determined by tensile stress on the test specimens. The width of the specimen is measured in inches. The specimen is ruptured under tensile load, and the maximum load in pounds is determined. The shearing strength of the weld in pounds per linear inch is determined by dividing the maximum load by the length of fillet weld that ruptured. The shearing strength in pounds per square inch is obtained by dividing the shearing strength in pounds per linear inch by the average throat dimension of the weld in inches. The test specimens are made wider than required and machined down to size. 
13-19. HYDROSTATIC TEST
This is a nondestructive test used to check the quality of welds on closed containers such as pressure vessels and tanks. The test usually consists of filling the vessel with water and applying a pressure greater than the working pressure of the vessel. Sometimes, large tanks are filled with water which is not under pressure to detect possible leakage through defective welds. Another method is to test with oil and then steam out the vessel. Back seepage of oil from behind the liner shows up visibly. 
13-20. MAGNETIC PARTICLE TEST 
This is a test or inspection method used on welds and parts made of magnetic alloy steels. It is applicable only to ferromagnetic materials in which the deposited weld is also ferromagnetic. A strong magnetic field is set up in the piece being inspected by means of high amperage electric currents. A leakage field will be set up by any discontinuity that intercepts this field in the part. Local poles are produced by the leakage field. These poles attract and hold magnetic particles that are placed on the surface for this purpose. The particle pattern produced on the surface indicates the presence of a discontinuity or defect on or close to the surface of the part. 
13-21. X-RAY TEST 
This is a radiographic test method used to reveal the presence and nature of internal defects in a weld, such as cracks, slag, blowholes, and zones where proper fusion is lacking. In practice, an X-ray tube is placed on one side of the welded plate and an X-ray film, with a special sensitive emulsion, on the other side. When developed, the defects in the metal show up as dark spots and bands, which can be interpreted by an operator experienced in this inspection method. Porosity and defective root penetration as disclosed by X-ray inspection are shown in figure 13-8. 
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NOTE
Instructions for handling X-ray apparatus to avoid harm to operating personnel are found in the "American Standard Code for the Industrial Use of X-rays". 
13-22. GAMMA RAY TEST 
This test is a radiographic inspection method similar to the X-ray method described in paragraph 13-13, except that the gamma rays emanate from a capsule of radium sulfate instead of an X-ray tube. Because of the short wave lengths of gamma rays, the penetration of sections of considerable thickness is possible, but the time required for exposure for any thickness of metal is much longer than that required for X-rays because of the slower rate at which the gamma rays are produced. X-ray testing is used for most radiographic inspections, but gamma ray equipment has the advantage of being extremely portable. 
13-23. FLUORESCENT PENETRANT TEST 
Fluorescent penetrant inspection is a nondestructive test method by means of which cracks, pores, leaks, and other discontinuities can be located in solid materials. It is particularly useful for locating surface defects in nonmagnetic materials such as aluminum, magnesium, and austenitic steel welds and for locating leaks in all types of welds. This method makes use of a water washable, highly fluorescent material that has exceptional penetration qualities. This material is applied to the clean dry surface of the metal to be inspected by brushing, spraying, or dipping. The excess material is removed by rinsing, wiping with clean water-soaked cloths, or by sandblasting. A wet or dry type developer is then applied. Discontinuities in surfaces which have been properly cleaned, treated with the penetrant, rinsed, and treated with developer show brilliant fluorescent indications under black light. 
13-24. HARDNESS TESTS
a. General. Hardness may be defined as the ability of a substance to resist indentation of localized displacement. The hardness test usually applied is a nondestructive test, used primarily in the laboratory and not to any great extent in the field. Hardness tests are used as a means of controlling the properties of materials used for specific purposes after the desired hardness has been established for the particular application. A hardness test is used to determine the hardness of weld metal. By careful testing of a welded joint, the hard areas can be isolated and the extent of the effect of the welding heat on the properties of the base metal determined. 
b. Hardness Testing Equipment. 
(1) File test. The simplest method for determining comparative hardness is the file test. It is performed by running a file under manual pressure over the piece being tested. Information may be obtained as to whether the metal tested is harder or softer than the file or other materials that have been given the same treatment. 
(2) Hardness testing machines. 
(a) General. There are several types of hardness testing machines. Each of them is singular in that its functional design best lends itself to the particular field or application for which the machine is intended. However, more than one type of machine can be used on a given metal, and the hardness values obtained can be satisfactorily correlated. Two types of machines are used most commonly in laboratory tests for metal hardness: the Brinell hardness tester and the Rockwell hardness tester. 
(b) Brinell hardness tester. In the Brinell tests, the specimen is mounted on the anvil of the machine and a load of 6620 lb (3003 kg) is applied against a hardened steel ball which is in contact with the surface of the specimen being tested. The steel ball is 0.4 in. (10.2 mm) in diameter. The load is allowed to remain 1/2 minute and is then released, and the depth of the depression made by the ball on the specimen is measured. The resultant Brinell hardness number is obtained by the following formula: 
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It should be noted that, in order to facilitate the determination of Brinell hardness, the diameter of the depression rather than the depth is actually measured. Charts of Brinell hardness numbers have been prepared for a range of impression diameters. These charts are commonly used to determine Brinell numbers. 
(c) Rockwell hardness tester. The principle of the Rockwell tester is essentially the same as the Brinell tester. It differs from the Brinell tester in that a lesser load is impressed on a smaller ball or cone shaped diamond. The depth of the indentation is measured and indicated on a dial attached to the machine. The hardness is expressed in arbitrary figures called "Rockwell numbers." These are prefixed with a letter notation such as "B" or "C" to indicate the size of the ball used, the impressed load, and the scale used in the test. 
13-25. MAGNAFLUX TEST 
a. General. This is a rapid, non-destructive method of locating defects at or near the surface of steel and its magnetic alloys by means of correct magnetization and the application of ferromagnetic particles. 
b. Basic Principles. For all practical purposes, magnaflux inspection may be likened to the use of a magnifying glass. Instead of using a glass, however, a magnetic field and ferromagnetic powders are employed. The method of magnetic particle inspection is based upon two principles: one, that a magnetic field is produced in a piece of metal when an electric current is flowed through or around it; two, that minute poles are set up on the surface of the metal wherever this magnetic field is broken or distorted. 
c. When ferromagnetic particles are brought into the vicinity of a magnetized part, they are strongly attracted by these poles and are held more firmly to them than to the rest of the surface of the part, thereby forming a visible indication.
13-26. EDDY CURRENT (ELECTROMAGNETIC) TESTING. 
a. General. Eddy current (electromagnetic) testing is a nondestructive test method based on the principle that an electric current will flow in any conductor subjected to a changing magnetic field. It is used to check welds in magnetic and nonmagnetic materials and is particularly useful in testing bars, fillets, welded pipe, and tubes. The frequency may vary from 50 Hz to 1 MHz, depending on the type and thickness of material current methods. The former pertains to tests where the magnetic permeability of a material is the factor affecting the test results and the latter to tests where electrical conductivity is the factor involved. 
b. Nondestructive testing by eddy current methods involves inducing electric currents (eddy or foucault currents) in a test piece and measuring the changes produced in those currents by discontinuities or other physical differences in the test piece. Such tests can be used not only to detect discontinuities, but also to measure variations in test piece dimensions and resistivity. Since resistivity is dependent upon such properties as chemical composition (purity and alloying), crystal orientation, heat treatment, and hardness, these properties can also be determined indirectly. Electromagnetic methods are classified as magnetoinductive and eddy current methods. The former pertains to tests where the magnetic permeability of a material is the factor affecting the test results and the latter to tests where electrical conductivity is the factor involved. 
c. One method of producing eddy currents in a test specimen is to make the specimen the core of an alternating current (ac) induction coil. There are two ways of measuring changes that occur in the magnitude and distribution of these currents. The first is to measure the resistive component of impedance of the exciting coil (or of a secondary test coil), and the second is to measure the inductive component of impedance of the exciting (or of a secondary) coil. Electronic equipment has been developed for measuring either the resistive or inductive impedance components singly or both simultaneously. 
d. Eddy currents are induced into the conducting test specimen by alternating electromagnetic induction or transformer action. Eddy currents are electrical in nature and have all the properties associated with electric currents. In generating eddy currents, the test piece, which must be a conductor, is brought into the field of a coil carrying alternating current. The coil may encircle the part, may be in the form of a probe, or in the case of tubular shapes, may be wound to fit inside a tube or pipe. An eddy current in the metal specimen also sets up its own magnetic field which opposes the original magnetic field. The impedance of the exciting coil, or of a second coil coupled to the first, in close proximity to the specimen, is affected by the presence of the induced eddy currents. This second coil is often used as a convenience and is called a sensing or pick up coil. The path of the eddy current is distorted by the presence of a discontinuity. A crack both diverts and crowds eddy currents. In this manner, the apparent impedance of the coil is changed by the presence of the defect. This change can be measured and is used to give an indication of defects or differences in physical, chemical, and metallurgical structure. Subsurface discontinuities may also be detected, but the current falls off with depth. 
13-27. ACOUSTIC EMISSION TESTING
 

a. Acoustic emission testing (AET) methods are currently considered supplementary to other nondestructive testing methods. They have been applied, however, during proof testing, recurrent inspections, service, and fabrication. 
b. Acoustic emission testing consists of the detection of acoustic signals produced by plastic deformation or crack formation during loading. These signals are present in a wide frequency spectrum along with ambient noise from many other sources. Transducers, strategically placed on a structure, are activated by arriving signals. By suitable filtering methods, ambient noise in the composite signal is notably reduced. Any source of significant signals is plotted by triangulation based on the arrival times of these signals at the different transducers. 
13-28. FERRITE TESTING 
a. Effects of Ferrite Content. Fully austenitic stainless steel weld deposits have a tendency to develop small fissures even under conditions of minimal restraint. These small fissures tend to be located transverse to the weld fusion line in weld passes and base metal that were reheated to near the melting point of the material by subsequent weld passes. Cracks are clearly injurious defects and cannot be tolerated. On the other hand, the effect of fissures on weldment performance is less clear, since these micro-fissures are quickly blurted by the very tough austenitic matrix. Fissured weld deposits have performed satisfactorily under very severe conditions. However, a tendency to form fissures generally goes hand-in-hand with a tendency for larger cracking, so it is often desirable to avoid fissure-sensitive weld metals. 
b. The presence of a small fraction of the magnetic delta ferrite phase in an otherwise austenitic (nonmagnetic) weld deposit has an influence in the prevention of both centerline cracking and fissuring. The amount of delta ferrite in as-welded material is largely controlled by a balance in the weld metal composition between the ferrite-promoting elements (chromium, silicon, molybdenum, and columbium are the most common) and the austenite-promoting elements (nickel, manganese, carbon, and nitrogen are the most common). Excessive delta ferrite, however, can have adverse effects on weld metal properties. The greater the amount of delta ferrite, the lower will be the weld metal ductility and toughness. Delta ferrite is also preferentially attacked in a few corrosive environments, such as urea. In extended exposure to temperatures in the range of 900 to 1700°F (482 to 927°C), ferrite tends to transform in part to a brittle intermetallic compound that severely embrittles the weldment.
c. Portable ferrite indicators are designed for on-site use. Ferrite content of the weld deposit may indicated in percent ferrite and may be bracketed between two values. This provides sufficient control in most applications where minimum ferrite content or a ferrite range is specified. 
