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The present report contains the results of a study aimed

at developing strategies for improving the reliability of

flash butt welded anchor chains. The study covered the

following tasks:

Task l: A parametric study of factors affecting

the quality of flash welded chains.

Task 2. Development of strategies for in-process

sensing and control of flash welding.

Task 3: A study to reduce possibilities of premature

failures of welded chain.

The objective of Task l was to develop basic understand-

ing of the effects that the major parameters have on flash

butt welded joints. These parameters were grouped into

two categories, the flashing and upsetting variables, and

the effect of each was examined in detail. Results of the

investigation are presented in Chapter 2. Zn addition,

a mathematical model for the analysis of heat flow during

flash welding was developed. The model is described in

Chapter 3, where it is also compared with available

experimental data.

Under Task 2, the most, recent developments in the area

of sensing equipment were first identified. Those findings

were then coupled with the results of the Task 1 study,

leading to the. development of strategies for in-process



sensing and control of the flash welding process.

Finally, under Task 3, potential sources of premature

failures of welded chain were identified and their

relationships to the basic flash welding parameters were

established. To reduce the risk arising from these

failures, a number of specific recommendations on appropriate

procedures were developed.
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introduction and Summar

1.1 General back round

Large anchor chains used by the U.S. Navy, like the 4-3/4

in. for large aircraft carriers, had traditionally been

manufactured by the die-lock forging process, developed at the

�-4!Boston Naval Shipyard in the late 1920's. However,

after the closing of this facility, the capability for domestic

production of large forged chains ceased to exist in the United

States or abroad. This happened despite the fact that Baldt,

Xnc. of Chester, Pennsylvania had early-on bought the commercial

rights for the process; the company ~ever went ahead with the

production of the 4-3/4 in. chai~ because of the high costs

associated with xetooling  dies! and the limited amount of

chain of this size required by the U-S. Navy, �-7!

An alternative method for f abricating chains, presently

employed by sevexal major manufacturers of large anchor chains,

is based on the flash butt welding process, which is a variation

of electric resistance welding. The heat required for fusion

in this process is generated by rapidly recurring short circuits

at high electric current. A weld is then produced by the

application. of a forging force as the workpiece is held by

clamping dies  that also conduct the welding current!, one

mounted on a stationary platen and the other on a movable one.

The process commences by bringing the ends of the woxkpiece

in contact, thus initiating a so-called flashing action. The

movable platen is continuously advanced to bring new portions



result in the fabrication of a product with tensile strength

properties similar to die-lock forged chains. This is why

flash welded. anchor chai~s are currently being used extensively

by foreign navies and by commercial fleet and offshore operators

in a variety of grades. �! However, there is currently no

facility in the U.S.A. with the capability for

welded chain in sizes larger than 3-1/2 in. �!

producing

Foreign production

facilities exist in a few countries, including Japan and Sweden.

Zn the mid-70's, faced with the dilemma on whether to

reestablish domestic facilities for the production of 4-3/4 in.

die-lock forged chains or to proceed with the establishment of

capabilities for the manufacturing of the same size reliable

flash welded chains, the U.S. Navy sponsored the following

studies:

of the workpiece into contact. When the right conditions are

reached  large enough plastic zone!, an upsetting force pushes

the pieces together. The rate and duration of the energy input

during the process affects weld quality and the size of the

heat-affected zone significantly. A low rate results in a deep

heat-affected zone, whereas a high rate increases the possibility

of inclusion and porosity formations. Weld quality is also a

strong function of the upsetting force parameters.

The presently available flash welding technology used for

manufacturing large anchor chains is a fairly well automated

process with reasonably good reliability. In fact, if stringent

quality control measures are adherred to, this process can



�! A study made by Battelle Columbus Laboratories in

1977 to examine the quality of welded chains produced by four

foreign manufacturers .  8!

�! A study undertaken by the National Materials Advisory

Board  NMAB! in 1979-80 to examine, among other subjects,

experiences with die-lock and welded anchor chains, and to

recommend further action by the U.S. Navy . �!

�! A study initiated. in 1981 at N.I.T. aimed at analyzing

the manufacturing processes of 1arge anchor chains. Phase I of

this study was completed in September 1981. The present�!

report covers the findings from Phase II of the project.

Although no consensus appears to emerge from the studies

previously completed, the general feeling one gets from them

is that flash butt welded chain should be more carefully and

thoroughly investigated to ascertain whether it should ultimate-

ly replace, in part or in whole, the die-3.ock forged ones

currently in use. Specifically, efforts should be made in the

following areas:

 a! Improvement of the reliability of the flash butt

welding process.

 b! Reduction of the possibilities of premature failures

of welded chains.

The present research project focuses on these items, as

expla'ned in detail in the following subsection.



l.2 Ob 'ectives and tasks

The objective of Phase I of this research program was to

investigate "pros and cons" of die-lock forged and flash

welded anchor chains. lt included the following efforts:

 l! Study the state-of-the-art of forged and welded chains.

�! Study experiences with both forged and welded chains.

�! Study possible ways for improving the present. technology

of flash welded chains. One possibility is to improve the

reliability of welding by in-process sensing and control in

real time.

�! A limited study of the economic situations with forged

and welded chains.

Results of this investigation were published in the final

report of the Phase I study. �!

Phase IX of the program, the results of which are described

in the present report, is an extension of the third study

mentioned above. In particular, its objective is to develop

strategies for improving the reliability of welded anchor chains.

The study consisted of the following three tasks:

Task l: A parametric study of factors affecting the

quality of flash welded chains.

Task 2: Development of strategies for in-process

sensing and control of flash welding.

Task 3: A study to reduce possibilities of premature

failures of welded chain.

It should be recognized that a complete development effort

to arrive at an actual system that can be implemented by chain



manufacturers includes �! development of basic concepts and

strategies, �! development of complete analytical models and

hardware, �! testing, and �! implementation in a manufacturing

environment. However, such an effort requires a large amount

of work and resources. Phase XZ research focused only on the

first item--development of basic concepts and strategies.

Details on the findings for each task are described in

Sections 2 through S and the Appendices of this report. Zn

the next subsection a summary of the objectives and the findings

of each task is given.

1.3 Summar of findin s

l.3.l Factors affectin the ualit of flash welded chain

j:n order to develop methods for in-process sensing and

control of the flash welding process, one must first understand

the fundamentals of the process. To do this, questions like

the following ones have to be answered: Under what conditions

can satisfactory welds be made? How should metals be heated?

How should plastic upsetting be formed? How can we select

optimum combinations of the various parameters involved for

joining bar stocks in different sizes and of different materials?

What types of defects are likely to occur when each of the

various parameters deviates from its optimum value? What are

tolerable ranges of these parameters?

The objective of Task 1 of this study is thus to develop

basic understanding of the effects that the major parameters

have on flash butt welded joints. This task has been success-



fully completed and its findings are described in detail in

Sections 2 and 3 of this report. In what follows, a summary

of the approach followed and the findings is given.

Section 2 deals with the factors affecting the quality

of flash welded chain. After a brief general description of

the flash welding process, the process variables are identified.

These are grouped into two categories, the flashing and upsetting

variables, corresponding to the two stages of the process.

Among the flashing variables, the following ones, considered

to be the most important in controlling the temperature

distribution at the instance of upset, are considered in detail:

 l! Material consumed during flashing, known as flashing

burn-off or just burn-off.

�! Method and degree of preheat.

�! Flashing voltage.

�! Platen flashing pattern.

�! Initial clamping distance.

'Zhe variables considered as important during the upsetting

process are:

 l! Upsetting distance.

�! Upsetting rate.

�! Upset current,.

�! Flashing voltage cutoff.

Based on extensive literature search, each of these variables

is discussed in detail. The discussion includes, among other

topics, how each variable affects the quality of the flash weld



as well as how the variables are interrelated. Whenever

possible, the discussion is quantitative. It was found,

however, that in certain cases very little quantitative

information is available in the literature, so that only

qualitative trends could be safely established.

Following the discussion on the process variables,

relationships of possible weld defects to these welding

parameters are 'established. Both metallurgical and mechan-

ical defects are considered. The first category includes

flat spots, voids, oxides, cracking, bar stock microstructural

defects, and die burns. Under mechanical defects, the

misalignment of the link ends prior to upsetting and the case

of non-uniform upsetting are included. Section 2 ends by

providing some guidelines with respect to acceptable ranges

of the process variables analyzed.

The subject of heat flow during flashbutt welding anchor

chains is treated in Section 3. After analyzing the physical

phenomena that take place during the pzeheating, flashing, and

upsetting stages of the welding process, a simple mathematical

model is pzoposed, based on the work by Savage et al.

The model is a one-dimensional one, assuming that there is

no temperature gradient in the thickness direction of the

pieces to be welded together. A modification of the moving

planar heat source solution is used, in the analysis. Both

constant velocity and constant acceleration platen movement

patterns are modelled.



Results obtained using the developed heat transfer model

and how they compare with existing experimental data are

described in the latter part of Section 3. The best agreement

with experimental data was achieved in the case of linear

flashing. However, it appears that the model has too many

simplifications to adequately represent, the temperature

distribution when parabolic flashing  constant platen acceleration!

is used.

1.3.2 Strate ies for in- rocess sensin and control of flash

Although many automatic welding machines for various processes

have been developed and used, today most of them, except for very

few recent models, are what can be called "preprogrammed"

machines. In these, optimum welding conditions have been

determined. in advance either through experiments or based on

previous experience, and these conditions are then set into the

machine. Then, once a welding operation is started, it is

performed by following the predetermined program. No adaptive

control systems which can adjust the welding conditions during

the process to take care of possible external disturbances

thus exist in these machines. As a result, the reliability of

the preprogrammed automatic welding machines are limited to

certain values, say 90%, 95%, or 99% depending upon the

machine being used. and the conditions of the joint being welded.

During the last few years there has been a tremendous

surge in interest, both in industry and research institutions,



to improve the reliability of welding by in-process sensing

and control, on the basis of recent developments in modern

electronics technology. Having this in mind, as well as the

desire to produce reliable flash welded anchor chains, the

objective of Task 2 of this research effort is to develop

basic strategies for improving the reliability of flash welding

by in-process sensing and control. Section 4 of this report

describes the results of the study. A summaxy of the findings

is discussed below.

Given the fact that sensing is one of the most critical

aspects of an adaptive control system, the initial efforts of

Task 2 were directed towards identifying the most recent

developments in the area of sensing equipment. Zn particular,

and having in mind what variables should be sensed during the

flash welding production of anchor chains, the following types

of sensors were investigated.

 l! Optical transducers, including optic fibers, lasers,

and video equipment.

�! Optical image processing methods.

�! Acoustic sensors, both active and passive, and

including those based. on ultrasonics.

�! Combinations of ultrasonics and linear arrays.

�! Tactile transducers.

The pros and cons of these sensors with respect to the flash

welding process were investigated in some detail. On the basis

of the results of this investigation, conceptual designs of



adaptive control systems for the flash butt welding of anchor

chains were developed. During the development special care was

taken in ensuring that the systems were compatible with the

findings of Section 2. Note that several of the ideas applied

to the conceptual design were borrowed from other similar

processes.

The proposed system, shown in detail in Figure 4.lS, consists

of the following:

 l! Measurement of bar stock geometry prior to preheating.

�! In-process sensing of bar stock's temperature during

preheating.

�! In-process sensing of the bending operation through

optical sensors.

�! In-process sensing and control of the flash welding

operation; parameters that may be included in this system are

the flashing voltage, the flashing current, the burn-off rate,

the platen movement pattern, the upset current and force, and

the voltage cutoff.

�! Examination of the flash welded link using optical

sensors.

�! NDT, real-time examination of the welded link.

�! NDT and visual examination during and after the stud

insertion  and welding! process.

It should be of course understood that the proposed system

is more than likely redundant. In other words, it may be possible

to abolish several of the proposed sensing requirements.
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However, to arrive at such decisions more research and

development efforts are required.

l.3.3 Methods to reduce ossibilities of remature failures

of welded chain

Experience with welded anchor chains indicate that

premature failures occur not. only in the flash welded joints

but also in regions other than it. For example, fractures

often initiate from notches created by are welding the stud

to the main body of the chain.

The objective of Task 3 is to identify potential sources

of premature failures of welded chain and to suggest methodologies

for their elimination. Zn what follows the major findings of

this investigation are briefly discussed. For a more detailed

description one is referred to Section 5 and Appendix B.

The first thing one should note when trying to investigate

the subject of premature failures of welded chain is the lack

of a large number of well documented and publicly available

case studies. Despite this shortcoming, it was possible to

compile a list of some of the most common causes of chain

failure, on the basis of these scant reports and of a basic

understanding of the phenomena involved, as follows:

�! Brittle fracture.

�! Failures induced by the stud insertion process.

�! Failures initiated by defects caused by improper

gripping electrodes during flash welding.

�! Lack of fusion in the weld zone.
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�! Heat Affected Zone  HAZ! microcracking.

�! Fatigue.

�! Lack of maintenance, wear, and abuse.

 8! Corrosion.

A11 these causes have been analyzed in detail. Wherever

possible, case studies available in the open literature are

cited  see Appendix B!. Based on this analysis, a priority

listing on how these causes influence the anchor chain's

failure rate was developed. Xt is believed that lack of fusion,

hot cracking, and electrode/grip defects constitute the primary

causes, followed by corrosion, brittle failure, and. stud-induced

failures. The last category includes wear, abuse, and fatigue.

To reduce the risk arising from these failures, a number

of procedures are recommended. They are broadly classified

under three headings: maintenance, in-service inspection, and

modification of materials and machinery used in mooring

systems. For each of these areas specific recommendations

on appropriate procedures are offered.



13

Z. Factors ~<«oui>a Flash fielded Chain

2. 1 F Lash we 1 din ro cess des cri tion

Plash welding is a type of resistance welding process

which is used to produce a butt joint between two parts of

similar cross section. The joint is achieved by producing

a coalescence simultaneously across the entire joint area

of the abutting surfaces, and then applying an upsetting

force to bring-the parts into complete contact. This applied

force causes the molten metal, formed at the surfaces, to

be expelled and the base metal to be upset. The combination

of melting and upsetting yields a uniformly welded, solid

joint which required. no filler metal.

The heat required for the coalescence of the base metal

is usually achieved through resistance heating- of the con-

tacting surfaces. The workpieces are usually gripped, and

held firmly, in electrica1 contacts which are connected to

the secondary of a resistance welding transformer. As these

grips begin to move toward each other, a voltage is applied

to the workpiece. Once the movement of the workpiece has

begun, the sma11 irregularities of the abutting surfaces be-

gin to make contact and large amounts of heat are generated

at these "bridges" because of their resistance to the flow

of electric current.  See Figure 2.1 for sequence.! The

amount of heating is a function of the applied. voltage and

the contact area of the material. As the current increases,



I. POSITIONING AND CLAMPIN6 OF PARTS

2. APPLICATION QF FLASHING YOLTAGE AND
START Of PLATEN MOTION

3. FLASHING PHASE

4. UPSET ACTION AND CURRENT TERMINAT'ION

�l!
FTGTiRE 2.1 Flash welding sequence
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so does the metal's melting rate. If this rate is allowed

to increase, some of the molten metal is violently expelled

from the sur ace at the points of contact. Some additional

heating is also achieved from the arcing which occurs across

the gap between surfaces, and this combined action is known

as flashing.

This heating process continues until the entire mating

surfaces have reached the melting temperature of the metal,

Tm, so that the workpiece can be forged into the appropriate

chain link shape. When this predetermined temperature is

reached  usually about Tm!, an upsetting force is applied

and the chain 1'nk is fabricated. In the cases of dealing

with large workpieces, the required resistance heating to

bring the metal surface temperature to its melting point may

prove to be prohibitive or, at least, uneconomical. Usually

these larger cross-sections are preheated to expedite the

welding process and to lower the welding machine's current-

drawing requirements,  see Figure 2.2 for a typical welding

current history!- This is the case with large anchor

chain where the bar stock os preheated sufficiently to allow

the flashing and upsetting action to be performed by a rela-

tively small machine. The preheat is accomplished by placing

the chain bar stock in a gas or electric furnace and uni-

formly heating it to the desired, temperature. In the case

o some anchor chain production, the bar stock is preheated

to temperatures of around 1550'F. This additional heating
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is required, especially in the production of chain link, be-

cause of the joint being formed is between the ends of the same

piece of stock. Because of the nature of the workpiece

 Figure 2.3a! there is more inherent resistance to the up-

setting force than is normally found in other flash welding

production welds such as window frames or even train rails

 Figure 2.3b!. A typical sequence for fabricating anchor link

chain is depicted in Figure 2.4.

2.2 1dentification of rocess variables

Zn order to be able to select an optimum flash welding

condition it is necessary to not only identify the variables

present in the process, but also to establish the inter-re-

lationships that exist among these variables. This know-

ledge will give the individual the ability to understand the

impact that a small change in one variable will 'have on the

others as well as on the overall process. For easier study,

the flash-butt welding variables will be divided into two

groupings. The first of these to be examined will be the

flashing variables, followed. by a study of the upsetting

variables.

2.2.1 Flashin variables According to Savage, the 9!

flashing variables control the temperature distribution which

exists at the instant of upset. Of all the flashing vari-

ables present, the following are considered to be the most

important during the welding operationL



TRANSFORMER
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FIGURE 2.3 Types of flash welds
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1! Material ccnsumed during flashing

2! ifethod and degree of preheat

3! Flashing voltage

4! Platen displacement with respect to time

5! The initial distance set between the clamping

dies at the beginning of the weld cycle

Over the years, the relationships a~ang these variables

have been studied by welding engineers, scientists and

through shop production experience. Because of this re-

search, and other on-going studies, it is possible to satis-

factorily predict the temperature distribution that wi13. be

present in a workpiece just prior to the upsetting action.

To make this prediction, certain input. properti.es *re re-

quired, such as the physical dimensions, flashing variables

and, material properties, all of which can be readily obtain-

ed from the machine settings and physical measurements.

Since there is an 'nter-dependence among many of these

variables, it is possible to obtain similar temperature dis-

tributions with different combinations of the flashing vari-

ables. The objective is to find the best combination which

gives a favorable temperature distribution, goad end weld

quality, requires a relatively short flashing time, and is

economical. Finding this optimum combination can be diffi-

cult because in an effort to meet one criterion other

qualities may be negatively affected. A good example of this
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"conflict" would, be the economical aspect which is in direct

opposition to the high quality weld requirements. Trade-

offs must be made in these situations to ensure that optimum
conditions and, product are reached.

A. Material consumed durin flashin

Within the flash welding community, this quantity
of material is known as "burn-off" or "flashing burn-off".~

Because this material is lost during the flashing operation,

it is highly desirable from an economical standpoint to keep
this value at a minimum. When the flashing begins, the aver-

age temperature of the interface quickly rises and approaches

the material's melting point. Once this temperature is

reached, a dynamic thermal equilibrium exists between.heat

dissipation and, input. This condition gives rise to a stable

temperature distribution over a wide range of burn-off. The

minianm burn-off is that which is required. to achieve this

stable temperature distribution on the abutting surfaces of

the chain link. Very rarely is this actual minimum value

used since there is danger of notfully attaining the desired

temperature profile. Zn most operations a conservative ap-

proach is fo11owed, and a slightly larger burn-off is used

since the benefits achieved through a small economic trade-

off have a great effect on weld quality. The amount of burn-

off required can be roughly calculated and it has been.�0!

shown that this parameter appears to be only a function of
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the workpiece's thermal diffusivity and of the welding

machine's platen f1ashing patte~~.

From laboratory experiments and actual welding practice,

very little evidence has been found to indicate a direct re-

lationship between the workpiece's dimensions and the amount

of burn-off required to obtain a desired temperature pro-

file. The physical dimensions do influence, however, the

amount of time required to achieve this profile, the amount

of preheat required, and also the size of the upsetting

force required to produce intimate contact of the link ends.

Within the chain industry, the amount of burn-off is impor-

tant since it controls the final length of the link and can

also cause various residual stresses within the links due

to slight changes in its dimensions. If the burn-off changes

from link to link during chain manufacturing, the accumula-

tive effect of the residual stresses can be quite complex.

These residual stresses can be detrimental to the chain

quality and could lead to premature failure of the link.

Fortunately, the chain industry deals with symmetrical stock

material and uniform temperature profiles and proper burn-

off's can be fairly easily achieved. Much more difficulty

arises in f1ash welding of large dimensional stock that has

a varried cross-section such as a railroad rail. In these

cases, special grips are required to afford the proper heat

sinks to the thinner areas of the rail so that a uniform

temperature can be achieved throughout the end surfaces.
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A second method of preheating is available for pieces

that can be totally heated within a furnace, whereby the

entire workpiece is brought un'formly up to the desired

temperature. This is the 'case with anchor chain links sin,ce

during the manufacturing process the chain is produced by

inter-weaving the new bar stock through the last completed

link. Once the new link is "laced" through the previously

completed link, it is bent in a die press to form a more

closed Link E,'see Figure 2.4!. This new shape allows for

the flashing and upsetting action that follows, and since

the temperature of the workpiece is still quite high, the

flashing can be carried on quite easily. The higher temoer-

ature of the metal also allows for the upsetting motion to

be accomplished by a much smaller force than would be re-

quired for a cooler workpiece. This method does have the

disadvantage of having to handle "hot" workpieces, a fact

that causes some higher wear rates on the grips and dies,

The main reason for preheating anchor chain stock in this

manner is to facilitate. the bending operations which must

be performed during the Link formation. Zn the cases of

large size stock material, it may also be of an advantage

to use this preheat method since it would avoid the require-

ment of using a very large rated current welding machine

to preheat the workpiece by resistance heating.

As a summary of the preheating sequences it should be

noted that certain distinct advantages are achieved by the



use of preheat in flash welding operations. The following

are a few of these advantages:

l! With the use of preheat, a temperature dis-

tribution with a flatter gradient is produced.

This distribution is present throughout the

flashing operation and it allows for the distri-

bution of the upset over a Longer length of the

workpiece. 3ecause of the preheating, the up-

set distribution is more uniform than is found

in the cases where no preheat was used..

2! As discussed earlier, the use of preheat

can extend the capacity of the flash welding

machine by allowing larger cross-sections to be

joined that could not be achieved without the

preheat. The capacity of the machine could also

be expanded, not only in physical dimensions of

work-pieces, but also in the types of material

it can handle. With sufficient preheat some high-

er strength metals may be joined which would nor-

mally be beyond, the machine's capability.

3! The use of preheat makes it easier to start

and sustain flashing with a lower secondary vol-

tage. This is accomplished by the fact that the

preheat raises the temperature of the abutting

surfaces and requires less electrical input to
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bring the ~mtal to metal contacts to their

melting and flashing point.

Along with these advantages there seems to be some disadvan-

tages. Here the emphasis will be placed only on those af-

fecting the chain manufacturing process. roost preheating

is accomplished through "manual" methods, and the degree to

which this is an advantage rests directly on the care the

operator takes during the process. The overall process re-

lies heavily on the i.ndividual's skills and how well the

operator can reproduce the same preheat from Link to link.

Xn many cases, bar stock is preheated until it "Looks right"

to the operator. This approach does not give consistency

to the end product, and it wilL definitely allow a varia-

tion in the product quality to exist from shift to shift and,

plant to plant. For these reasons, some manufacturers

choose not to use a preheating process during flash welding

operations.

The flashing voltage plays an important role in

the flash welding operation, and, during most procedures,

this value falls in the range of 2 to 16 volts. For�2!

each particular welding task the voltage should be selected

in such a manner that it is the lowest possible setting

which still allows a good, flashing act'on. The selection

of the lowest flashing voLtage is aimed at minimizing the
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number and depth of surface ir=egular'ties that are formed

during flashing. As the flashing voltage i~creases, the

size of the "craters" formed in the abutting surfaces in-

creases due to the more rapid melting action and metal ex-

pulsion. From this a generalization can be formed that

the larger the area of the contact bridge at the time of

metal expulsion and the higher the current, the larger the

crater that will form in the joining surfaces. This rela-

tively large crater formation can be detrimental to the weld

strength because, even after upsetting takes place, some of

the normally flashed material may remain. locked in these

holes. Even if foreign material is not forced into these

openings, the upsetting action may prove insufficient to

"fill" them all with molten metal and hence yield a weld

that has porosities and- possible stress concentrations.

Once the flashing voltage is selected, it is input into

the welding machine by the welding transformer tap setting.

This minimal voltage required for the task at hand is suf-

ficiently low so that arcing does not occur across the

faces of the material to be joined. As the process contin-

ues, and small contacts are made between. metal protuberances

from the opposing surfaces, a secondary current begins to

flow which causes heating in these bridges. The current in-

creases rapidly and the metal quickly reaches its melting

point with an accompanying violent expulsion of the molten

metal caused by the induced magnetic field 'Pith this action



the secondazy cuzrent begins to decay in accordance with

the electrical characteristics of the secondary. This over-

all process is best described by Figure 2.5, which schemati-

cally represents the voltage and current waveforms during

flashing. As can be seen from the figuie, there is suf-

ficient voltage induced by the secondary to overcome the

gap between the interfaces such that at the instant at which

the bzidge is broken the current can momentarily azc over.

This arcing causes some additional heating and then the

cycle stazts again with new bridges being formed.

D. P laten flashin at tern

Another vezy important variable in the flash weld-

ing process is the flashing pattern estab1ished by the

motion of the platen during the welding operation. As the

platen advances part of the workpiece towards the stationary

face, a graph of the time-displacement relationship can be

produced,. This graph is known as the flashing pattern and

is of gzeat value in determining the burn-off and tempera-

ture distribution. From analysis and experimentation�1!

it has been shown by Nippes and others that under appro-�0!

priate conditions, a stable temperature distribution is

achieved. when the average temperature of the flashing inter-

face reaches the melting temperature of the material. Once

these conditions are met, 1' ttle benefit is obtained. by

further flashing. The best f1ashing pattern is the one which



28



29

provides the desired stable temperature distribution with

the least burn-of f .

Several types o f platen motion can be achieved, but

through experience i t has been shown that in mos t cas es the

flashing pattern should have an initial period of constant

ve loci ty   linear! mo tion of the one part toward the o ther,

to facilitate the start of flashing. Once the flashing has

been initiated, this cons tant. velocity motion should be

changed into an ac ce lerating motion . This ac ce lerate d motion

is known as "parabolic f lashing" and is characterized by

the constant rate of acceleration o f the p laten. As the

acceleration increases, so does the steepness of the stable

temperature gradient . From this it can be s een that the

shape of the temperature- distribution is controlled by the

f 1ashing pat tern and hence, the behavior of the metal dur-

ing up-setting is als o contra lied. It can be s een that we ld

strength and integrity are very much dependent upon the

choice of the flashing pattern. If the wr ong pattern is

chosen for a certain welding task, the result, could easily

be an inferior j oint as well as poor product. This cannot

be tolerated in anchor chain production because of the

critical nature of the product, and hence, this f lashing

variab le should be very closely controlled.

Initial clamain distance

According to Savage, the temperature. dis tri-

bution is als 0 Ln f luenced by the length of the heat flow



path between the flashing interface and the water-cooled

clamping dies. En general, the initial clamping distance

and, to a more Limited extent, the physical dimensions of

the workpiece determine the length of the heat flow path.

Under normal circumstances, as the clamping distance in-

creases, the temperature gradient becomes more gradual.

There are some limitations to this generality in that the

thermal diffusivity of the particular material wilL create

a limiting length of heat-flow path beyond which no further

effect is noted. Thermal diffusivity is defined as:

p c

where p is the density  Lb/in' !

c is the specific heat  Btu/Lb F!

x is the thermal conductivity  Btu/hr ft ~!0

The critical clamping length is known as the "effective-

infinite-clamping distance" and to extend clamping beyond

this distance will yield no benefits to the temperature dis-

tribution or the quality of the weld.

As the thermal diffusivity of the stock material in-

creases, the welding sensitivity to clamping distance also

increases. Since, in. the case of anchor chain material the

thermal diffusivity value  approximate equal to .01 iz,~/s!

is relatively small, the clampizg distance is not very
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Large. This is fortunate in that, due to the nature of the

physical dimensions of the link and. the cross sectional size,

any large clamping distance requirement would create a major

problem in the chain production process. The short clamp-

ing distance also decreases weld alignment problems that

would be caused by a long section of bar stock being sub-

jected to a large upsetting force  see Figure 2.6! . As a

matter of comparison, the therma1 dif fusivity of aluminum

 i. e., flash welded window frames, etc.! is approximately

.09 in~/s and requires a long clamping distance while e

for anchor chain steel is around .01 in~/s and requires a

clamping distance of only a few inches.

Besides the five major flashing variables already dis-

cussed, there are numerous other variables that may be con-

sidered part of the flashing process. These points are also

important but they are usually considered as being included

in the major variables or as part of the machine design

through good engineering practice. The following is a non-

all inclusive list of other variables that need to be con-

sidered during design;

1! Size of the electrodes sapplying voltage te

the clamping dies, to ensure that no localized

burning occurs.

2! Amount and method of contact pressure applied

to work-piece by the clamps, such that it has
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sufficient. gripping capability without

subjecting the wozkpiece to suzface

damage .

3! 2eat conduction capacity of grips and

method of cooling. This point would

also cover matezial selection as well

as physical dimensions.

2.2.2 U settin variables. The previous section show-

ed that in order to achieve a strong and sound weld it was

necessary for the we1ding process to exhibit a smooth

flashing action for some minimum distance over a given time

interval. Weld quality cannot be guaranteed by controlling

the flashing variables alone, and sa the upsetting variables

must also be considered since they axe akl inter-related.

Qf all the variables present during the upsetting process,

the following are considered to be most influential n the

final weld quality:

1! Upsetting Distance

2! Upsetting Rate

3! Upset Current

4! Flashir.g Voltage Cutoff

These parameters will be studied individually and their inter-

dependence will be demonstrated whereve possible, Some of

these variables are fairly well understood while others have

not received much dedicated study and research.
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A. U settin distance

The criteria for establishing the minimum upsetting

distance is twofold. One of these requirements is that when

the workpiece surfaces are "driven" together there is suf-

ficient upset distance available to force metal-to-metal

contact over the entire cross-section of the joint. The

second requirement is somewhat similar in that the magnitude

of the upset distance must be capable of eliminating all the

oxides and. molten material that has formed on the abutting

surfaces during the flashing operation. This action is

accompLished by providing sufficient "stroke" to violently

sqeeze out all the inpurities to the exterior surface of the

chain link, thereby leaving the joint free of inclusions.

The accumulation of this flash materia1 around the link weld

need not be removed immediately and is usualLy discarded. at

a later stage of the chain production process.

The objective of the selection of the proper upsetting

distance is to attain as sound a weld as possible. Part of

the overall upsetting process is a forging operation  Fig-

ure 2.7!, which plays a very important part in the weld

quality. From the aforementioned, criteria, it could be

assumed that the larger the upsetting distance, the better

the well, since it would ensure complete flash expulsion and

intimate metal contact. This is not the case, however, in

actual performance of welding operations. Investigations

have shown ~ that not only is the practice of excessive



upset dist, ance imprac ical from an economic standpoint, but

it can also be detrimental to the quality of the weld

achieved. The objective of the forging phase is to achieve

a metalurgical microstructure at the joint, that is indis-

tinguishable from the base metal. This type of joint, in

theory, would possess 1007. of the stock material integrity

and would ease the problem of predicting the part's relia-

bility. One of the problems caused by excessive upsetting

distances is grain re-orientation at the joint during the

flow of the metal. As the upset distance increases there

is a noticeable increase in the deformation. of the fiber

structure near the weld line. The. fibers become more shara-

ly bent and also the volume of material so affected also

increases  Figure 2. 8! . Some researchers have suggested

that this deformation is responsible for the numerous and

small heat-affected zone cracks that develop derring specimen

bend tes ts .

It should be noted that increasing the upset distance

also does not guarantee expulsion of all foreign material.

Tests conducted on some AISLE 0130 steel specimens showed no

correlation between percentage of flat-spots present and the

magnitud~~ of the upset. The flat-spots, which are believed

to be formed. by entrapped contaminants, or by carbon segre-

gation cause an overall degradation of the weld. integri- l~!

ty. Hence, in some cases, an increase in upset distance may

not improve quality. As a quick summary of the variations
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that, may occur with different steels for different upset

distance, Figure 2.9 is provided. In the welding of large

anchor chain  AISI l330!, we are dealing most closely with

a steel whose carbon equivalent is similar to AISI 4340 and,

hence, we would expect similar trends in performance. This

may be too broad a generalization, since this assumes that

the carbon equivalent is the controlling factor. Since

l330 and 4340 steels vary considerably in their nickel and

manganese content, they may exhibit totally different char-

acteristics  see Tables 2.3. and 2.2!. To determine the actual

response to various upsetting distances it is necessary for

the chain stock material to be run through similar testing

procedures.

The upset distance is inter-related to other process

variables, in that the maximum upset can also be controlled

by:

�! Maximum upset force of machine available.

�! Chain link geometry, cross section, mate ial

preparation.

�! Amount/method of preheat used.

�! Amount of upset current available.

�! Flashing pattern used.

The amount of upset required to obtain a sound flash weld

is related to the variables above and is especially depen-

dent upon the type of metal and section thickness. As a

generalization for steel welding, an upset distance of
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TABLE 2.1

 Nmgamse 1. 00 Percent Ãzdzmj!

. 18/.23AXS I/SAE 1020 .30/.60 .050.040

CHECK AEALEIIH TOIZHHZZ ACICZZ

GARS, 3LCjt:&, SILVERS, SLM3S, AM! 30GS

Acceptable  +/-!
Percent

~ICH . IPercentElement

~~mmse

Phosphorous
Sulfur

.23

.60

. 040

.050

0.02

0.03

0,008

0.008
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TABLE 2.2

1.65/2.00

1.55/2.00

OECK ANAL!82l 9XZHAN28 AUl3NED Ka

BARS HLCr2% BILL'S SLURB AND PQDS

Acceptable  +/-!
Percent

Uo to 100 sa.in.
Limi.t

PercentElement

0.020. 30-0. 75

0.04

o.as

0.05

0.02

PHCG2ROBDK3S AHD ~ UR LQCDZZC5S

Y~Lmum Percent

Process

0.025

0.040

0.050

Basic Electric 0. 025

Basic Open, K~~/Basic Chvggen 0,035
Acid Electric/Acid Opm He;arch 0. 050

U30

I33GH

4UO

4130H

4340

4340H

Manganese

nickel

~amLun

Wiybdenum

.28/.33

.27/.33

.28/.33

.27/.33

.38/.43

.37/.44

1. 60/l. 90

1. 45/2. 05

.40/.60

.30/. 70

.60/..80

.55/.90

Up to 2.10

Up to 2.00

0.90-2.10

0.20-0 .40

. 80/1. 10

. 75/l. 20

. 70/. 90

. 65/. 95

.. 15/. 25

. 15/. 25

.20/. 30

.20/. 30



approximately one-half the part thickness is suf ficient to
f 1

promote a good. weld. '

ln order ta produce a high quality flash weld, the

upset rate must be fast enough to expei. all the molten metal

before it solidifies on the abutting surfaces. It can readi-

ly be seen that. this required rate is therefore influenced

by the following:

1! Cooling rate of the chain link at termination

of flashing

2! Upsetting distance

3! Upsetting current

4! Physical limitations of equipment

5! Chain linc size and geometry with respect

to |'4!

6! Upsetting f orce available

Item number 6 may be the greatest contraint to the upsetting

rate limitation because the welding machine must apply a

force to the movable platen to accelerate the chain li~k and

overcome the resistance of the bar steel to plastic deforma-

tion. The available force will therefore limit: the pres-

sure available to upset the metal; the size of the chain

link; and the size of the platen, The requirement for a

rapid acceleration of the massive platen assembly is a very



big probLem in the design of Large capacity welders.

Once the problem of initial part acceleration has been

overcome, we are faced with the actual upsetting portion of

the cycLe. According to Nippes, Savage and Grouse the�6!

upsetting action is actually a two stage operation. During

the first stage, over half of the actual deformation occurs

at a fairLy rapid velocity. Vith continuation of the up-

setting process, the chain link material becomes more resis-

tive to f~rther plastic deformation, which decreases the

velocity of the platen. As in any metal forging operation,

the resistance of the Link material to plastic deformation

will be governed by the temperature distribution. As the

Link temperature increases, the material's yield strength

decreases and hence the material can be more easily deformed.

This temperature profile, along with the upset pressure

available to the equipment, will place a maximum velocity

limitation on the platen. Based on the results of weld per-

formance and inspection, the faster the upset rate, the

fewer the defects that appear in the weld.

C. Upset current

Upset current is utilized for several different

reasons during the welding process, One of these reasons is

to provide additional resistance heating to the workp'ece to

keep a desired temperature profile until the upsetting action

begins. This practice is very important in cases where the



weld zone may cool too quickly, after termination of flash-

ing, which would result in insufficient upset or cold crack-

ing of the metal. Examples of cases where too high a cool-

ing rate can occur include, but are not limited to, large

and, odd-shaped parts which may have inherent heat sinks

which bring about this condition. Along the same lines of

resistance heating, another use of the upset current is to

essentially increase the effective capacity of the welding

machine. By passing sufficiently high current through a

large workpiece, the temperature is increased and therefore

the material resistance to plastic flow decreases. This

combination allows the welding- machine to well larger pieces

than it was designed to perform. In both of these cases, the

current value is usually high and is terminated at the end

of the upsetting action.

A few other uses of upset current do exist but these

usually deal with lower amperage valises and their flow may

continue beyond. the upsetting portion. One of these uses is

essentially for postheating the weld of certain alloys to

insure that a proper cooling rate is maintained. Another

similar use is to assist in the flash removaL process by

keeping the workpiece at. a higher temperature to facilitate

trimming of the part. Zn all these cases, the upset current

is activated for a fairly long period of time. It can be

concluded from the above, that the duration of the upset

current is an important factor in. flash welding. Too short



43

of. a period vill impact on the weld quality by varying the

temperature distribution and a11awing insufficient upset

dis tance.

The magnitude of the upset cur ent also influences

the veld. quality because of the resistance heating effect.

As th'e current density increases, the I'R losses increase,

making the metal very soft. Researchers have determined

experimentally that, as expected, the upsetting distance

increases with increasing current density. Their tests

revealed that., on the steels tested, the use of high upset

current density produced. a corresponding 277%%u  average! in-

crease in upset distance over specimens tested without

upset current  see Table 2. 3! .

EFFKCZ GF CUHKÃZ IX%ITS CN UP~c, DIM%'CE

PEI~ZKÃI' QIHZASE

IN UPSI;Z DIZKhHCEurer Dr.!~~CE  in. !

No Curry 45K 4%5/in

.45

.58

During these tests it was discovered that a threshold current

densi.ty existed, be1ow which, there was little inc"ease in

upset distance for the current used. This implies that a

4340

4130

1020

,14

.16

.22

2857.

28U.'

264%
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specific amount of heat must be concentrated in this area

to raise the average temperature of the quasi-stable temper-

ature gradient above a particular point where the material's

ductility increases to any great extent. Hence, there are

economic questions which enter here between the trade-off's

for using upset currents or larger machines. This decision

wi11 be governed by the size of parts as well as the type

of material fxom which they are fabricated. Energy costs

for the high current densi.ty requirements may play a major

paxt. in the decision process, as well as the fact that cer-

tain alloys wo~ld req~ire upset current to prevent unfavox-

able cooling rates  even on small parts!. The final selec-

tion will be the result of trade-offs conducted in an

attemot at arriving at an optimum welding procedure.

D. Flashin volta e cutoff

TKe final upsetting variable to be discussed is

flashing voltage cutoff, and. it is one of the easiest vari-

ables to define. As the name implies, it marks the termina-

tion of the flashing phase and the commencement of the up-

setting motion. Zt is very important that the timing of this

phase is regulated to ensure that the abutting surfaces of

the link have made complete contact before the flashing

voltage cutoff occurs. This control assists in keeping the

surface temperatures sufficiently high to be. compatible with

the following upsetting action. The welding process is more



tolerant of an error in adjustment that results in a flash-

ing voltage that continues into the upsetting phase than one

that tezminates early. Sy securing the flashing voltage

prematurely, the risk is present of developing too rapid a

cooling cate which could, result in the fomation of a hard,

brittle microstructure  i. e., martensite! . These formations

could later lead to stress concentration sites and crack

initiators in the weld zone.

2.3 Relationshi s of Veld Defects to Veldin Parameters

From the previous section, it can be seen that there

are many variables which can effect the quality of' the flash

welded chain link. The variables discussed were process

related, so there are numerous other parameters associated

with the chain material which have not yet been considered.

The selection of optimum flashing conditions requires that

the individual understands the inter-relationships that

exist between the variables. The final weld quality is

strongly tied to these parameters which must be kept within

acceptable Limits. %hat the acceptable ranges on these

variables are is very hard to define, since they differ for

each particular flash welding operation. Ce tain anges of

parameters in one case would resuLt in an unacceptable weld

on another specimen having a different geometry oz material

properties. Much additionaL zesearch has to be done in this

area to better understand the process, so that optimum



welding conditions can be selected in an intelligent manner.
Zt is hoped that eventually this selection process can be

accomplished without resorting to the use of experiments or
relying upon operator experience.

2.3.l Flash-butt weld defects. During the welding
process there are many ways in which defects can be produced.
These defects can be minimized by rigid process controls,
but i.t is necessary to first identify the types that exist

in welded chain. There are two major categories of defects:

metallurgical and mechanical. Each of these groups is im-
portant, since defects of either type could significantly

reduce the chain strength under certain conditions.

A. Hetallur ical Defects

1! ~F1' S � Th d f I. I. g

lar-shaped areas which are usually visible on

fracture surfaces through the weld zone area.

Zt should be noted that hese flat spots

usually occur in the localized regions of car-

bon segregation in ferrous alloys. Zf the

welding cooling rate is sufficiently high,

these areas of above average carbon concen-

tration can produce brittle martensite.

Microhardness tests and metallographic ex-

aminations show that this is the case in

the areas of "flat spots", and also that



steels with banded ad.crostructures are

much more susceptible to this type of de-

fect than unbanded steels.~

2! Voids - Dozing weLding operacions ceocain

conditions can cause the formation of

voids within the weld zone. If the flash-

ing voltage is too high, large craters can

be created during burn-off which cannot be

"filled-in" during the, upsetting action.

Even in cases ~here very large upset dis-

tances are used, these voids may still be

resistant to clos~re. The void content

can cause high stress distributions in the

chain link and lower the overall tensile

strength of the finished chain.

3!.Oxides - Voids can also oe created when

oxides of the metal are entrapped at the

weld interface. These oxides usually

accumulate on the abutting 1iak surfaces

during flashing and. are expelled during

the upset phase. Certain alloys produce

harder oxides, but in most cases they can

be removed by using a large enough upset-

ting distance. Oxide discontinuities *re

not too common, but their presence can

greatly reduce the strength of the veld



due to their usual brittle qualities.

C~ki - 0 f | * ly

defects is internal and external cracking.

Depending oa. the type of material used for

the chain fabrication, both hot and cold,

cracking can occur. If the bar stock

material has a relatively low ductility

over some elevated temperature range, then

hot cracking can be a problem. On the

other hand, when the base material is a

hardenable steel, and t,he weld is sub-

je'cted to a rapid cooling rate, the domi-

nant problem becomes one of cold-cracking.

Several other types of cracking can occur,

the next most common of which is cracking

during the upsetting,  i. e., forging!

operation. In this case, the cracking is

caused by the failure, to sufficiently

heat the chain link to the forging tempera-

ture. Under these conditions, the ductil-

ity is low and the metal cannot readily

flow, resulting in the tearing of the

base metal by the upsetting force.

Cracking can prove to be a serious de-

fect if the proper conditions are not met.

The ends of the cracks are sites for high



stress concentration factors, and, if they

are sub]ected to significant loading these

cracks can begin to grow.

The controlling factor in the deter-

mination of the extent to which the weld

integrity is affected by the crack is the

material's critical crack length. Depen-

ding on the fracture toughness of the,

base, steel, this maximum tolerable crack

length can range from a fraction of a

sistance of a material. Some examples

of these are shown in Table 2.4 below-.

Tensile
Strm~

Yi;e1d

S~~~
Fracture

Ties s
%c'

4340 Steel

~~agog 300 Steel

7075-T6 9Mmirrum

42 XSZ ~

82 xSZ ~

3O KSZ ~

264 KSX

268 KSZ

214 KSI

250 KSX

73 KSE

The size of the crack that can be tolerated

ad.limeter 'n EY-130 steel to a length of several

mi;limeters in aluminum. Fracture tough-

ness  K<<! is a measure for- the- crack re-
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in the materials in the previous table can

be calculated by making some assumptions.

Crack extension will occur when the stresses

and strains at the crack tip reach a criti-

cle value �' failure stress! . Using the

criteria that the material can withstand

a 507. reduction in strength before the

crack will grow, the fol1.owing can be

stated:

KI C
Q a

c or
2

'Q

where a is defined as half the critical

crack 1ength.

Using this model, the criticaL crack length

for 7075-T6 aluminum would be 8.8mm as



compared. to 2.6am for 4340 steel. Zf these

critical values are exceeded, rapid un-

controlled crack growth could occur, re-

sulting in premature failure of the link.

It is also possible to determine remain-

ing link strength as a function of crack

length, as showa in Figure 2.10. These

plots are idealized in, that they consider

isolated cracks and do not consider the

effects of neighboring flaws. Another

complicating factor is the complex load-

ing to which the chain, is. subjected.

All these factors combine and. make it.

'quite difficult to establish absolute guide-

lines for maximum tolerable crack sizes.

For the case of typical steels used in

4-3/4 in. anchor 'chain production, an

estimated critical crack length would be

around 5mm. This value was based. on a

stock material with a tensile yield in

excess of 68,000 16/in~ and a minimum

elongation of 15.5 percent. The actual

criteria for acceptance of anchor chain

based, on crack content is estab1ished

by references 18 and 19, but is more

qualitative than quantitative in nature.
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5! 3ar Sto&. Structure -- Some metallurgical

defects can result from the impurities and

gra'n st ucture of the base metal. Many

of these defects can be eliminated by

strict adherence to material acceptance

standards established in ifIL-C-24573 SH!

for 4-3 /4 in. flash butt welded anchor

chain. In accordance with these standards,

all steel used in the manufacture of the

chain shall have fine-g ain structure and

may be made by either the open hearth,

basic oxygen, or electric furnace process.

The chemical composition of the stee1

shall be determined at the steel mi11 for

each heat of steel and ver if~ ed oy a

chemical or spectrographic analysis con-

ducted by the chain manufacturer. The

fusion zone of the flash weld area is

Limited to an ASM grain size 5 and it

must be free of any form of Widmanstatten

structure. If these guidelines are

followed, the incidence of base metal de-

fects will be greatly reduced,

iMany wrought mill products have an in-

herent fibrous structure which may c-use



54

the bar stock materia to .".ave anisotro-

pic mechanical prope ties. Quring the

upsetting action this fibrous material

may be rea1igned in the weld area  as

seen in Figure 2. 8! causing a degrada.-

tion of mech.anical propert'es. One oz

the properties that is affected is the

material's ductility. The decrease in

ductility is not normally s gnificant,
~less:  "!

 a! The material is extremely inhomo-

geneous, such as in severely banded

steels, and alloys with excessive

s tringer- type inclusions.

 b! 7 f the bar material is sub j ected

to excessive upset, the fibrous

structure may be realigned trans-

versely to the original structu=e.

This condition would considerably

degrade the tensile. strength. of

the ch.ain link.

Proper quality control o base metal/

bar stock production can eliminat the

maj ority of these problems. Per'' odic

sampling cz links can also reveal the



presence of a bad supply of base

material.

6! Die Burns - These are the 'ast of he

metallurgical defects to be discussed.

D'e burns are caused by local overheat-

ing of the chain link at the clamping

location. Since the interface between

the stock and the clamping die is so

susceptible to burning, these surfaces

must be kept clean and within close

dimensional constraints to avoid. damage.

B. Mechanical Dezects

Two types of mechanical defects are relatively

common in chain fabrication.. The zirst oz these is misalign-

ment of the link ends prior to upsetting, and the secor d is

the case oz non-unify> upsetting during welding. if the

clamping dies and fixtures are not properly adjusted, the

link ends may be ofzset resulting in a non-symetric chain

link. This kind oz arrangement can cause stress concentra-

tions in the area oz the weld. The loading is no longer co-

axial and there exists a bending moment at the weld when

the link is under a tensile load.

The second case, non-~iform upsetting, may be

caused by several condi ''ons. Zxcessive die ooening at the

sta t o upset is a common cause, especia' ly in cases of
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fairly ductile mat rial. in these instances, the problem

can be solved. by decreasing the initial die opening distance

and appropr'ately adjusting the weld'ng schedule. Other

causes of non-uniform upsetting are insufficient clamping

force and link end misalignment. Just as in the previous

case, any of these conditions can result in reduced chain

strength and life. To minimize the impact of this defect

on the quality of 4-3/4 in. chain, a mawmum m'salignment

cr' ter'a is established 'n MEL-C-24573 SH! . in accordance

with these standards, a ~<imum d ameter m'salignment of

3/32 in. is permitted a=ter the flash weld is deburred.

2. 3. 2 Relationship of weldin aarameters to weld de-

fects. 1n an. attempt to ar ive at a conclusion as to how the

welding variables really influence the j oint quality, Tables

some gu'del.nes must be estab l.'sh.ed, A itera-variab Les, but

ture search has revealed many sources, wh' ch give limited

variable l-'mits. Since these sources deagu'dance on the

of geometries, mater a s, and flashing equip-with ma=.y types

genera' i ations were required in or" er to arrive a"ment,

any useful conclusions. Table 2. 8 's the =esu t oz th' s

2. 5, 2, 6 and 2,7 were produced.. rom these tables it can be

seen that the optimization process can be quite di:f ' cult.

The variables in all three. tables must be considered, and one

final selection must be made. As mentioned earlie=, it 's

dif: cult to place upper or lowe= bound values on these



TABLE 2. 5

FLASriZG VARLAB~

~CT GN THE ~~QG PRCCZSS
ZQZSSVZ WSUFFIC~~

* 4'neconazLcal

* Freezing of natal
occurs

+ Inefficient use of
energy

+ Tendency to decar-
burize steel

* Large crater forma-
tion

* Tendency to cause
clusions and >at

spots in welds

* RLgar void content
--lower st ~<A

* Cast amoral in ~mid

Too ~N heat esults
I'1 1'~Dc material be-

cazi"g too plast'c to
upset prope"ly

* Al'~t problem s
~ ar'se a~g
upset phase

* Zzmroper temerat~
gradient

* Difficulty in produc>~
flashing

* Insufficient upsetting

* Metal freezes too

early

* Inadequate mset dis-
tance is achieved wick
available orce

* Incaaplete expulsion of
oxide film and inclusions

which gives low quality
weld

Tz~uf=cist mset ~
to ~~ted plast'c fl~

* ~uf scient heat s
developed to bring mta~
to the proper mset~g
tempera~a. ~~ 's is
charactermed by inter-
mittm.t z>~Ih~ ~g

Too sha~ of a t~
~ garcient is preset

c:ec ~se
distance
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TABLE, 2, 6

t'p.m<z z v~w~

CT CN ~iiE ',v~WG PPQ:SS
ZKZSSZVE ~FFIC~V~2LZ

iGNG VOIZAGK
CUZOEF

LiPSEZ C'BREST

Inclusions and voids

OL~!CE

- v"aids, ~t mtal
preset in welcs

+ Overheat' g and
celtinI, of matual

* Overhea~ jb~~

* Wtal too plastic to
upset properly

* Uneconcaz' cal
I

1 pard
sians outs i de
specificiatims

* Excessive plastic
Qxxa.~cv caus m~

realist az ~c o-
struc~ at weld
li~  flew lie.es bmd
tavmds plum af weld!

* ~ssive defo~tian
of 8ma liras  out-
s>de s=ec ~ cat=or~!

* weakened «mid ~ to
zl~ 1'~ gent
pmall 1 to -'ae ~aid
Uwe.

* improper t~eratuze
gradient in

* Foxmatian af "yazd"
cn.crostzuc~e due to
rapid cooling

* sufficient ~set
distance

* ~~raper teryera~e
profile

* ~uf& cist upset
distance

* Langitud'~ crac~g
in &ld area

+ Save ides ram"-'a zs
clusians in .>ld

* ~~clusior~, voids md
oui,des preset

* Ezxufficient a@iten
mtal r~-al



ef=ort to establish ranges or minimum and. maximum values for

the process variables. The reader should be cautioned that

th's is a composite 1'st and some of the Limits Listed may

be unreliable in the gene alized sense. Same of these values

may be Limited to the particula material tested or may ex-

hibit wide variations under different conditions. The pur-

pose of this table was to consolidate references to one loca-

t'on in. an attempt to see if any actual, meaningful criteria

could be established. As can be noted, the specific appli-

cations to Large �-3/4 in.! anchor chain material are Label-

ed to distinguish these applicable limits. Tt should be

stated that most of the criteria listed were o'otained through

experimentation on small batch samples welded under control-

led laboratory conditions. The samples varried in geometry,

material properties and represented a sampling o only a smaLL

popula,t~ on. "ven with all these shortcomings, the table

stilL prov='des the best existing guidelines to wo-k with in

trying to improve flash-butt welded chain.
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CZR GQK< YA1m' AL V~~

%AT" 2
VAPZ GL.

i CT CÃ LZ '~~LZ?BC~S
r zm  a~m! m~  za4!

PHYSICAL
D~SZCKo

* High heat requ're-
ZerltS

* Less jno preheat

+ Dec"eased upsetting
farce* Large forces

* Longer preheat,
flash liam

* Larger mset c~ent

* Smaller ene~ require-
uxmts

* Longer initial clarro-
mg distance

* Nacre chance of parts
~gzmnt problerr.s

* Shorter initial claw-
ing distance

* Improved cant~1 on.
par~ aligaaar>t

S L9Zi',M'H

DU~~TY * Inc=eased force ~d
't Kzz. KKts

L~suf &.cient Ubset

distance yielm~g in
clusians ar voids

Upset distance in-
c Bases

closet force decreases

Flashing ~~
~es

- De=ective -~~ld praba;
b1~cv 's n gn

Mgl c~gj' vreldsTY QF 369.
STCC<

+ Re~."es more preheat * Smaller upset, forces

* Larger upsetting * Less chmce of ca&an
force probl.ems ~ ~+id zone

* More susceptible to
damage hjj ove&iBating
chang preheat

< Higixr upset cze-its

* Possible post heat
:eared
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TABLE 2 . 7   cont ' d!

ANC"ZR ~ ~AT:-W8. VAiCAB~

~POTPIE~
VAPZGIZ

~C7 ON ~ '~ELDER@ PHC~S
L!BKZ  Kf ! 5~laIL  

CCRQ-
sI39:zURE ppza~K

* High stress concen- * Good joi~t quality
trations can lead to
prema~ failure

PHYSICAL
MiSALIGiOKK

+ Low qu;Mty weld
susceptible to crack-
ing and reduced
st~gth

* High quality weld with
~ew exclusions md
approaching the forged
uniform microstzucture
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3. Heat Flow in Flash.-Butt Welded Anchor Chain

3.1 Welded chain fabri'cation heat flow models

Since there are so many variables in t: he flas!z we'ding

process, the heat flow analysis problem becomes quite com-

plex. A11 the. variables are interdependent and cannot, be

isolated individually. Previous research has tried to deal

As a result of research conducted to date, it' appears that

one of the dominant factors in obtaining consistently high

quality welds has been found to be the development of the

proper temperature profile within the link ends, prior to the

upsetting action. This quasi-stationary temperature gradient

 since the. source is cont:inuously moving! can be achieved

through. various combinations of flashing paramete s. n an

attempt to lessen the prob em of dealing with a arge n~~be

of. variables, a simplif ed: model of the welding process will

This section will study the h.eat flow for thebe utilized.

entire chain fabricating process. After the overal1 process

the heat transfer mechanisms of that portion ofis reviewed,

the process, which most effects 'weld quality, will be

mo de 1 le d'.

Looking at the en i e chain fabrication process it is

possible to distinguish seve al dif=erent heat transfer

phases. depending upon the size o+ chain being manufactured,

with these numerous variables by utilizing dimensional

analysis and grouping thei;r effects by parametric equations. �0!
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the type of ba= stock material, and the physical limitations

or the ~e d ng machine, some oz all or these phases may or

may not be present.

Phase I - Preheat, of bar stock

Phase II - Resistance heating of link end surfaces

Phase III - Development of stable temperature

gradient

Phase IV - Upsetting motion/Upsetting current

Phase '7 - Flash expulsion and cool down.

These five phases could be further broken down to more. dis-

tinct heat flow areas, but for the overall study of the pro-

Phase I

Preheating of the anchor link bar stock is the p i-

mary purpose of this phase. Since in this manufacturing

process the stock must first be bent to rorm the link, the

preheat makes the fozming process easier by reauiring a

smaller force to be applied. Besides the benef' ts obtained

the for~ng phase, the preheat also allows for easier

flashing due to the increased bar stock temperature. During

from its storage facilitythis phase the bar stock is taken

cess this action will not add any knowledge and would only

complicate the modeling process. Each of the five phases

will be investigated to determine its bea"ing upon the final

heat dist=ibut on and veld quality of the chain 1'nk j oint.
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and placed in a heating:urnace until the uni:os desired

temperature -'s zeac;'.ed  see F gure 3.1! . A preselected

temperature  T>! is chosen such chat the material 's yield

strength has been lowered considerably, Th's actiov. allows

the bar stock to be easily shaped into the link form by the

force available from the machine. The furnace heating pro-

cess appears simple at first, but as can be seen from Figure

3. 2, the actual heat flow mechanisms are quite complicated.

During the early stages of heating, when a large temperature

differential exists between the bar stock temperature and

chat of the furnace, these heat flow mechanisms are especi-

ally complex. During this period, the bar could be modeled

as being subjected to a line conduction heat source at its

point of contact with the furnace surface. Other p:cheated

bars in the furnace could act as radiation heat sources,

there could also be convective heat transfer ~ithin the

furna.ce .

Since the objective of this phase of the process is o

bring the bar stock up to a desired temperature, the methods

of reaching this endpoint are not as important as che resul-

tant temperature. Achieving the correct end tempe=ature is

important since it ensures that. residual stresses are con-

trolled during fo~rg, and Chat flashing can be easily

achieved, Some clar.'f cation is in order ne"e in that a few

limitations must be placed on the preheat'ng to ensure that

the stock isn't ove"heated, or held at a high cempe=ature
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Conduction Line Heat Source and Radiation
from Furnace

Additional Radiation f rom Other Bar Stock

Complex Conduc ion, Radiation and. Convection

FZGURZ 3.2: Methods cf Heat Trans er

During Furnace P"cheat



r "z these condit'ons. could prove=or too long a ti~

oz the preheat process. Because of the relat've insignizi-

cance o this phase of heat flow on the nal ~Ld outcome,

' t mLL not be conside ed as an essent al part o= the process

model. Wis simplification w' 1 have minimal impact on the

model results, and should decrease the number of varia'oles

that must be considered for the model.

Phase T.I

Once the LiW material has been sufficiently pre-

heated, the flashing voltage can be appl'ed across the work-

piece and the selected platen flashing pattern can be

activated. Pw the platen motion beg.'ns  c1os.'ng phase! an

initial bridge is formed and resistance heati. be ''ns to

raise the temperature oz the surface protuberances  see

gure 3.3! . ~zen suzficient heat has been generated, the

smaLL amount of metal will melt and be e~elled by the

duced magnetic ield around the bridge. &ce the c rrent

path is disrupted, a small arc occurs 'oetween the interfaces

at the > ocation oz the ezpeL~ ed ma. eria

heat trans f er ' s again, quite comp Lex, but

This phase o f the

could be simp li=ied

by modeling the initial resistance heating as depicted in.

Figure 3. 3c. Under actual cond' tions, the contact oridges

would be oz diffezent dimensions  diameter, Le. gth, or in-

complete contact, as shown in Figure 3. 3b! and would pose

detrimental to "he. ~~ld q alit;r and could "ance' t.=e aenefits
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a very complex scenar'o to analyze. As a first attempt

1! Br dges can only occur one at a time, and

their location of formation is determined

by random distribution.

2! Opposing protuberances are mirror" images

of each other, such that physical dimensions

and alignment are ident cal as the platen

advances with time.

3! The physical dimensions of the contacts

will be small with respect o the overall

link dimensions.

0! 3ridges will be formed and broken at such

a rate that cortinuous conductive heating

of the abutting surfaces will take place,

The areas adjacer.t. to the contact poir.ts

will develop isotherm patterns which, with

time, will progress~ vely overlap each other

 Figure 3.4!, constantly 'ncreasing the

average surface temperature.

5! During this phase, the platen motion will

occ r at such a rate as to provide su=fi-

the -equi"ed mountcient ileat3 ng t o Bring

simplifying the model, it. can be assumed that the following

conditiors exist during the "esistance heating phase.-
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oz material, up to "burn-of " empe-.ature.

6! The arcing that occurs after the metal

expulsion provides some heat i-..put =o the

system but it wi11 be neglected "ue to

its comp lexity,

�0!
d whose solution would be oz the for~:

r

e
~t

T - T
0

�C p

where r X~ + Y' + Z'

The prob' em w~ th this model is that, s'nce the point source

' s randomly

rapid "ate,

located arom~d the workpiece surface at a. very

he cezpezat ~re profile of the surface becomes

A val'd. mode?, based on the aforementioned assumptions,

would be that of heat conduction due to an instantaneous

point heat source that is randomly located around the sur-

face as a function of time. This initial model would

assume radial heat flow, as shown below,



very complicated. 'within a very short period of time the

is otherms from individual point sources begin to overlap and

it is virtually impossible to obtain the actual T, at the

next point source location. Since the overall efzect is to-

apidly raise th.e surface temperature to the desired g=adi-

ent, the individual point sources would eventually appz'oach

the equivalent of a moving planar heat source acting at the

surface of the workpiece. This quasi-stationa~ state would

exist when the abutting surface's average temperature has

reached the approximat melting temperature of the anchor

link material.

An over-simplizicat'on of this phase could also be

modeled as an instantaneously applied planar heat source in

the bar stock. This model would assume that the following

conditions exist, at least momenta ily:

1! Heat is supplied > nstant~eausly to "<e

enti"e oar end sur=ace.

2! Both ends of stock make complete intimate

contact.

3! The closing/upsetting platen mot on has

zero velocity at the time oz the heat

source application  stationary n.eat

source!

Zsese assumptions would a.llaw he cumulative ezfect of t..e

numerous point sources to be summarized inta a. single large
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heat source at a later stage of the actual process.  Mais

0 Plane of heat source location

Assumptions:

1! Heat is supplied instantaneously and

uniformly on a plane;

2! Heat flows only in the direction normal

to the plane where heat is supplied

Solution: X

2 ~v~ c

q = heat supplied pe" unit area

Because the end "esu.lt of th's phase is =eal y a quasi-

stationary thermal state, with the average interface temper-

ature approaching the material's mel ing point, the ".elative

'-portance o this port'on o= the weld.ng process .-as re-

examined; 0: all the variables present during th's phase,

he one wh' ch most in=luences the qua ity of the e. d-product

would establish. a new time zero in he model.! Wi. e specific
�0!solut' on to the preceed'ng proo' em is as ollows:



/8

been shown to be the flashing. voltage. This. voltage

should be kept at a minimum to reduce the probability oz

producing large craters nea" the abutting surfaces, Since

the actual heat transfer methods do not significantly effect

the overa11 outcome of the we' d quality, this phase need not

be modeled. The impact of not including this portion or the

heat transfer process would not result in an unrealistic

model, and at the same time, would greatly simplify the

modeling task.

P'hase 'LIZ

The early stages oZ surrace melting and he de-

velopment of a stable temperature gradient are the maj or

components of this, the third phase of the heat transfer

process. During this phase the quasi-stationary- temperature

gradient, which is so important for the, production of hioh

quality welds, is deve oped as he bum-off of stock

material takes place. The platen lashing pattern motion,

combined with the controlled bu~-off, results n a: con-

stantly moving heat source wnich. manages to produce sufficient

heat input to counter-balance the heat flow out th ough. the

grips. Welding parameters are preselected such that the

anchor link material will attai.. a temperature prof'le wh' ch

a~ 1ows a specified amount of material to be heated above the

required forging temperature  see "-ioure 3.5! . 3y doing

this, the requi ed upsetting forces are dec eased and
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adequate upset distance. can be obta''ned to ensure a good weld

1'ne. This required stable temperature gradient. can the, a-

fore be modeled as a heat conduction problem in a quasi-

stationary state since the platen and, i~ence,. the planar

heat source are both moving  due to burn-off! .

located in. the bar stock�.

vade for the analysis:

The following assumptions are

* Size of the heat so~ ce is small with respect

to the chain link overall dimensions-.

* The chain1ink material is uniform and isotropic

in the, the~ophysical properties.

* The moving hea- source 's intensity is con-

stant with time. This is an over-simplifica-

tion, which. will be add essed later.

* Conduction is the only mode of heat t ans=er,

* The heat source is moving either at. a constant

velocity, or at constantly accelerated motion.

* Thermophysical properties are independent of

material temperature,

The above assumotions are not unrealistic, with the exception

o the constant intensity heat source, and they o==e= a ~cans

Because of the importance of this phase of the heat flow

process, it is necessary to develop a model to deal with this

state. The model consist+ of' a moving planar heat source
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of simplifying the heat low model. Lhe model can be showa

as follows:

'Aovin Planar H'eat Source �0!

D

0 ~ Original point where a heat source sta"ts

P: Location of the heat source at reference

time

Q: The plane ia. conside ation

Solut' on:
v   z+ I<i!

2K'

Cpv

=X-vtwhere

q ~ heat supplied per unit area
and ~it t'me

simplifica cn the process can be cor sidered in a quasi-
!

stationary state after a reasonably short period of t ze has

4, more rea.l'stic model of tM s pnase wi l be de-claps ed.

veloped 'n Section 3.2.

This model ' s not exact since in the zeal st-te -he heat flow

is not achieved until an infini e time passage has occured.

Another shortcoming is that the heat source actually varies

with the velocity and acceleration of the platen. 2'or



Phase !V

The upsetting motion of t~w welding process is the

=ourth. phase of the heat flow 'n the chain. link. Ouring

this phase one of t � a alternat've paths can be followed,

depending upon the ype and size of chain being produced.

Figure 3,6 depicts these available paths and shows the ef-

feet of upset current on the temperature distribution with-

tain the desired temperature profile du .g the upsett'ng

phase.

Since during this phase the heat source can be consid-

ered as being applied at the grip electrodes, the ac ua1

model fo= heat application then becomes a funct on of the

e1ectrode contact shape. This shape can be a point surface

contact, a. line contact or an annulus type of arrangement.

can be assumed that the heat-'..gFor s imp 1' f i cat' on,

source is a planar source located at the gr ps w th a i eat

flow perpendicular to the plane, Wws type oz model -ould

in the chain link. W'ithout the upset current, rapi.'d cooling

rates can occur that could cause weld defects in ce tain

types of chain. The rapid cooling could cause a hardened

surface layer to be formed that would interfere with. the

upsetting aetio~ &mother possibility is that a hardened

micro-structu e could. be formed  i.e., martensite! which

could. become entrapped. in the weld and cause stress concen.-

tration factors and crack formation sites, For this reason,

the one alternative is to se an upsetting current to main.-
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-esult in a stationary heat source located at a specified

distance from the abutting surface. Assumptions and equations

would be identical o those described for the planar heat

source in phase two. The main difference would be in the

heat input requirements, since less heat input would be need-

ed during he upset phase.

Tf a large time delay is encountered before the upset-

ting begins, the weld quality can be drastically affected

by this phase of the heat flow and, hence; the correct pro-

file must be maintained. Since the duration of this phase

is usually very short, including this portion in the model

~ould not produce any add' tional information that is c=itical

to the overall weld cycle. Because of these factors, this

area of heat flow will be ignored and it will be assumed

that the chain link does not unde go any app eciable tempera-

ture change du -'ng the platen's acce e"ated upsetting ac ion,

'~ith. this assertion, the problem of inclusions ar d cracking

can be minima.zed.

Phase. V

Tne final heat flow phase entails the actual up-

setting action which causes  see Figure 3.7! flash to be exvelled.

and the cool down period that follows. 'The rapid motion of he

platen, combined w'th he upsetting force, ca~ses the

molten metal azd ox de layer to be violently expe' led ~hen

he abutti..g sur=aces of the linis. make contact. The
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tempe ature profile that exists pr' or to upset is verv criti-

cal in ensuring that an adequate upset d stance can be

achieved. S nce the upset t me s ve y short, the empera-

ture profile during this phase has little time to change and

influence the final «-eld. quality. As with many of the other

phases of the fabrication process, this area can be ignored.

without degredation of the heat flow model.

3,2 iÃodelin the critical heat flow

As discussed in the previous section, the most critical

portion of the heat transfer for the chain manufacturing

operation occurs during phase three of the process. During

this phase, a quasi-stationary temperature profile is develop-

ed after a certain. amount of burn-off has occured.. Little

or. no change occurs in this profile during a period of time

that follows, and it is within this time span that the up-

setting act. on should. take place. The size of the st "ble

allo~s =or some error in the in''tiat'on of- emperatu e re gi on

the. upsetting phase without degradation of we> d qual'ty.

maintained - const~at ntens Tn reality, the amount of

heat present s a =unction of the size of the bridge contact

area, voltage, and pl-ten veloc' y. he 'n ensity of th' s

Upon f~rther investigation of this phase o heat trans-

fer, it was realized that the or' g nal proposed model was a

gross overs>mplification of the actual condition. The dominant

e"=or was centered around the assumption that the heat source
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Since during the flashing process the end surfaces of

the chain link melt away, the location of the heat source

is constantly moving along the X-ax's, As a meaz.s of sim-

plifying the model, it, is more practical to relate the heat

f'ow. to a moving coordinate system located at the zlashing

interface. By defining g as the instantaneous distance from

the flashing inter ace, and by letting the burn-off per

spec zen at any time equal B t!, the zollowing ela ionship

can be es ablished to relate the stationa y az.d moving

coordinate systems;

X- B t! + �. 2. 4!

With this, equat" on 3.2,3 can be transformed to

�. 2.5!

consideri=g an int ediate time  t '! in a se'ected tive

nterval � < t' < t!, it can be seen tent the. bum-off pe"

By considering the flashing interface as the only heat

source it can be assmed that a tempe ature distr bution

will only ex'st along the long axis of the chain link.

Hence, small heat losses to the surrounding area are neglect-

ed and equation 3.2.2 can be further simplified to a one-

dimensional syst' em described by;



specim n, at this time is E t'! . The following ormula can

be deve1oped to show the zelationsh'p between the inte~edi-

ate ar.d final 'nstantaneous dis tare s ~ and

= - 3 t! - B t'! �.2. o!

Assuming that the amount of heat dissipation at th' s inter-

mediate time is q t'!, than during a small time step dt ', a

quantity of heat equal to their product will raise the tem-

pezature of the material at a distance < by an amount

d T-T ! . �0! The quantity  T-T,! can be redefined as 9, and

so the equivalent temperature r~ se can be expressed as d 0.

Carslaw formu'ated a solution =or a moving planar�2!

heat source, which gives the following solution for the tem-

perature rise at a particular instantaneous dis ance f' om

the flashing interface.
�,2.7!

e
2 t c  v<!~

Me di f' culty 'n attempting o solve the above eq ation. comes

from the complexity or describing q t '! . Savage assumed�.0!

that the time rate of heat input to the workpiece s propoz-

Hence, as an approximation, he

q t! = mV �. 2. 8!

:.is investiga ion into the area of the rate af heat d' ssipa ian

in flashing concluded that he pzoportionali ty cons tant  m!

tional to the heat 'nput.

arrived at the follow~ ng.

q  ='!
dt,'

 t - t'!r



in �, 2. 8! was f ound to be;

m 20 pc
m

two types of models were required, linear and parabolic

flashing pattern s. !n order to obtain the actual equations,

q t'!, and »' were subs ituted into ZgNthe equations for m,

3.2. 7, and the fina1 forms of the equation appear below.

Linear mode1 !z �.2.10!
dt'.5U g

 m e !

4 ~  t-t'!
e

0

where U is the value of the plat n

constant. velocity.

Parabolic model

.5 G 8

 w ~!+

where G is the value oz the p' aten
p cons tant acceleration.

equations 3.2.'0 and 3.2.11 were used to develop a compute

model to generate temperatu e profile. curves that cou1d be

expected to be present during flashing.

where 0 is the temperature dizference between the initial
m

and meLting temperatu e of the materiaL. hese assumpt ons

seem valid for the model, so they tw11 be utilized in solving

for values of 9.



An intex.active computer program, wr' ten in FORTRAN, was

developed on the basis of the linear and parabolic flashing

completpa tern temperature eeua ions  see Append v A or a

listing of the program and for the outputs obtained from

sample runs!. The puzpose of the program was to produce a

useful mechanism for determining how changes in various

flashing parameters affected the tempexatuze profile that

was developed during the flash welding process. A second

objective was to provide a means for obtaining heat flow

patterns, without having to resort to experimental data

collection. The initial version of the program was simplifi d

by assuming that all material properties wexe constant with

temperature. Later versions were upgraded to i~elude the

capability of altering thermal diffusivity with temperature

during he process  see below for details!.

The program consists of a main program and four subroutines.

The main program, called HEATCQN, reauizes that the user

selec the type o flashing pattern and then input val .es

for a number of variables as follows  see also Figure 3.8!.

Constant velocity, U, i linear flashing, or

constant acceleration, G, i parabolic flashing.

Values o= the thexmal dif+usivi v  of the matex'al

under consideration! a en pzesel cted. temperatuzes

w1 ich cover the range o he expec ec. temperatures

to be calculated by the program.

The initial temperature, Tl, wh'ch can be di erent

rom he ambient temperature i preheating is used.



:IG'tiRZ 3. 8: i<a'n Program .low Chart
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The melting temperature of he material under

considerat'on, TN

The total =' me interval rom the start o=

flashing, ~ NAL, for wh'ch calcula ions

The time step, STEP, to be used in the numerical

integration subroutine INTG.

The number of points along the x-axis, NN, for

which temperature histories are to be calculated;

their instantaneous distances from the flashing

interface are determined by the va.lue of the irst

point's instantaneous distance, XN, and their

uniform spacing, XSTEP.

Al,l required numerical integrations are performed by

the 'ntegration subroutine INTG. The calculations are made

bv means of the ten-poin Gauss quadrature formula. �3!

=he program allows for the temperature dependence of the

material thermal dif usivitv, on the bas' s of an iterative

process, as follows: In the input phase of the computer�4!

program ten values o- temperature, ranging from the ambient

temperature to he material's melting temperature, are read

in. Following this, ten values of the material thermal

d' ffusivity, corresponding to the ten temperature values,

are also read in. From hese data, it is poss'ble to evalua e

the thermal diffusivity at any emperature with tne a'd of

WILLIN, a parabolic ''nte polation functio .. The calczl>t-'on
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starts by assuming an initial value or the thermal "i fusivity

equal to that corresponding to the fourth input temperature.

Using his value, a f'rst approx'mation of he tempera ure at

he desired locat'on 's calcu'ated. This temperature is then

compared with the initial guess  the fourth input value or

the first iteration!, and, if the two temperatures disagree

by more than five degrees, a new value for the thermal

diffusivity is calculated corresponding to a temperature half-

way in between the previous two. This new value is used to

re-calculate the desired temperature, resulting in a new

estimate for it. The process is repeated until convergence

is reached, usually in less than twenty iterations  see

Figure 3.9!.

The program is written in such a way that the final

temperature output data is both displayed on the terminal

and written on a data file for post processing.

3.3 Comparison of computer model out ut to experimental data

In orde to evaluate the va.lidity of the heat transfer

~odel that was developed, i was necessary to compare he

computer model output data with known experimental res~its.

literature search revealed that considerable data was

available from flash-butt welding experiments conducted by

Nippes and others. The experimental work had been
�5!

performed on NISI 1020 steel, and at various platen velocities

and accelerations. Because of the availability of this data.,

i was decided to duplicate the experimental conditions

withi~ the model as best as possib'e, and +o evaluate the

accuracy of the output.
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Computer runs were thus made using the following

conditions:

Flashing veloc't'es: 0.0 4/0.144/0.326  in./sec!

Flash'ng accelera ions: .004/.01/.02/.04/.1/.9  in./sec !2

Instantaneous distance from interface: .05-.45  ' n.!

Tempera.ture range: 80 � 2750  deg. F!

The model also required information as to the size of the

time step over which the integration would be conducted, as

well as the end. time to be considered. The end time value

was obtained by using the equations of motion for a particle

subjected to constant velocitv, or acceleration, and then

solving or time at a selected burn-off distance. By

following this procedure, an experimental data point could

be selected and the computer model could be run for the

appropriate ime.

Since the program allows for the independent se1ection

of the integration time step by the user, ' t was important

to determine what requiremen s or limitations were associated

with this variable. Too lprge a time step could result in

inaccurate temperature values, whereas too small of a step

would lead to ine ficient utilization of computer time.

Several test runs were conducted on the constant velocity

model by varying the time step while holding velocity, tota'

time, material properties, and initial temperature consta..t.

No significant changes in the temperature output readings

were observed once the time step was assigned a value less
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than 0.05 seconds  see .able 3. ! .

Similar test runs with the constant acceleration model

were not as conclusi re, since he temperat 're outpu appea

ed to oscillate throughout the range o time-steps inves-

tigated. As a. check, the temperature range was varied, and

the temperature output began to stabilize. Within the nor-

mal flash-butt anchor chain welding temperature range

�550-2750'F!, an integration time-step of less than .05

seconds again achieved consistent readings. Based on these

two results, a decision was made to conduct all test runs

at a time-step of .01 seconds to ensure adequate integration

accuracy.

Since the normal temperatures profile during flash weld-

ing shows such a steep rise during the early stages of burn-

off, some di iculty was anticipated in =rying "o correlate

the mode' out ut and experimental data. within th''s range.

Since a sma'1 error 'n time selection could cause a cons'd-

erable error in the temperature output, and. because of the

lack o actual data points in th's area, it was decided to

=irs test the model at a later stage of lashing. Savage �5!

nad concluded rom his experiments on constan ly accelerated

platen motion that a fairly stable temperature distribution

was =stablished in he weld specimen af er a burn-of= of

about 0.45 inches was accomplished. For this reason, the

computer model was run at the appropriate times for the

selected velocities and accelerations, to correspond to

burn-o~f of 0.45 inches.



TABLE 3. 1

.15.05 .25 .45.35

2209 680

2210~ 025 680

;05 2206 678

.10 2179 886 681

2294 1090 835.25 1399 648

2191 8511107

194-2 6561350 1081 8401.0

Integration
Time-Ste

 sec,!

".Fr ECT GF IVTZGRATIQZ TI.K-S~

Temper attires at
Instantaneous Distance

From Interface  in.!

1564 1164 886

1564 1164 886

1561 1162

1536 1118
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distances =rom the moving inter f ace.

Further test runs revealed. that the calculated values

of temperature were stzongly 'nfluenced by the val~e of

parameter FINAL, the total time interval from the start

of flashing for which temperature ca'culations were desired.

In all previous corn uter runs, ca.lculat'ons were alwavs

performed until the FINAL t'me, with tempera ures foz

intezmediate time instances been read from the resulting

However, when compazing these 'ntermediateoutput ile.

Sample runs were first conducted by running the con-

stant velocity computer model The temperature values

obtained from these runs were considerably lower than

those obtained from experimental work. Since these cal-

culations had been performed assuming a constant thermal

diffusivity, it was decided to determine the influence that

cnanges in diffusivity had upon the output temperature.

Various values of thermal diffusivity were zun, and the

results indicated that the use of an average value would

not result in accurate output cata. Because of these

observations, the main program was modified. to accept ten

values of thermal di usivitv and interpolate for the correct

�4!value based on the calculated temperature. Test zuns

with these modifications resu' ed in closer correlation

between he model and given data, but s'zeable dif erences

still existed, especially at the larger instantaneous
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values were always lower than the others  composite time

curve in Figure 3.11!. As a conseauence of this observation,

the mathematical model was re-examined. Zt was zevealed

that the latter approach was the correct one. Physically

this also makes sense since the model has an inherently

faster temperature growth rate towards the end of the

integration. time period, so that at any intermediate time

steps the true temperature profile within the specimen is

under predicted. Based on the above facts, it was con-

cluded that in order to realistically compare the model to

Savage's data, a separate computez run would have to be

conducted for each data point using the respective burn-off

time as the integration end-point  FINAL!.

Test runs were conducted at three constant velocities

 .074, .144, .326 in./sec!, and in each case, rive instan-

taneous distances from the interface were studied. These

model outputs were compared with the expe"imental data,

and a sample comparison of the resulting temperature pro-

files appears in Figure 3. 12. As can be seen from the figure,

the proper trends are ollowed by the model, but the actual

temperature readings differ by varying degrees of accuracy.

The curves are in closest agreement with shorter instan-

taneous dis ances and. intezmediate velocities. From these

outputs, ' t can be concluded that the model, in con urrence

with experimen al data, exhibits the following trends:
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7.

7.

r lGURE 3. 12; Cozre1atioa. of Node1 O~tgut
to Zxperi~ental Data
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1! As the ve'ocicy of t.".e platen .'ncr ases,

the t mperature prof'le dec=eases t each

spec' f' c point.

2! As the instantaneous dis tance from the

inter ace increases, the stable tem-

perature profile dec=eases.

One inconsistency that exists in the linear model is the

fact that at very small distances f om the interface  i. e.,

less than . 05 in. !, temperature f1uctuat ' ons occur which

indicatp that. the model may not be applicable to the a. ea

close to the interface. Possibly at these small distances

the planar heat source model is inadeauate to account for

the arcing that occurs at the interface a=ter metal expul-

sion, as well as for ariv additional heat input that may come

from the su rounding activ' ty.

The eraser enc gained from the trial runs of the

1inear model «-as used to modify the parabol'c flashing

pattern model prior to conducting any trial runs. Once

these alterat ons ~ere made to the programs, data runs

were conduct d at the earlier specified. constant accelera-

tions. The output f om these runs, which were calculated

over a temperature range of 80-2750  deg F.!, showed

t'e correlation to t~e experimental temperat re values.

The calculated temperature values followed the opposite

t end of experimentaL data in that as the value of cong -nt,



acceleration increased, so did the tempe ature or the

specimen. ~n addition, the model generat d, temperatures

which were too 1cw at some burn-off 's, and sometimes too

h'' gh at other burn-of f ' s . Because of th's tendency, and

3y neglecting the very short distances from the inter-

ace, a more favorable pattern could be seen in the tem-

perature prof'le with increasing acceleration. Table 3,2

shows that at very low acceLerations the improper tempera-

ture trend was ezhibitad at a further d'stance =rom the

flashing interface. As the acce'eration increased, more

and mo e of the c lculated temperature followed, the correc

trend. Even with the proper trend developing, the tempera-

tu e values were not agreeing with the experimental data.

To check to see ii the fault was with the model not being

appropriate for large urn-off, several additional runs

were made at very low burn-off  .00625 - .025 inches!. The

results from these data collection runs revealed a similar

also due to the fact that the parabol' c math model was more

sensitive to the integration time-step, additional tes "s

were run with various time steps to check the model response.

Time steps down to .001 second were utilized, but no con-

clusive results were obtained. One point that was estab-

lished from the testing was that just as with the linear

case, the model could not hold up for points too close to

the interfac, For this reason, the values at a distanc

of .05 inches were discounted as being invalid.



105

'EASEL" 3 . 2

.CT OF ACCZI "RATICH ON T:. fPK3ATURZ DISTRI3t ON

ERATURE AT

, 05. ,25 .35. 15

2750 18202280 1722.004

2750 2172 1859 1718 1635.01

1764 15862750 2033.02

1666 15592725 1882

1553 15511712 15782450

CONS ANT

ACCZL RATION

 in. /sec~!

VARIOUS' I'iiKRFACE DIST&tCZS t, 'in.. !
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trend which indicated that th.e temperature calculation was

more strongly influenced by the acceleration than he

burn-ozr.

As another check an the parabolic model, an average

velocity was calculated 'nternal to the program, based on

the input acceleration and final time. This average velo-

city was used to calculate the temperature rise, and results

similar to those obtained by the previous acceleration

calculations were obtained. This further indicated that

the model was strongly driven by the platen acceleration.

Zt was also noted that very small changes in the upper in-

tegration time could cause 1arge changes. in the temperature

output. As an example, the parabolic model in one case

gave a temperature difference of almost 200 degrees for an

increase'in final time of .05 seconds. Because of the

numerical sensitivity of the model, it appeared that con-

sistent results might be. difficult to obtain.

Instead of attempting to match existing data., it was

decided to investigate the model response to the tempera-

ture range of the flash welding process. Assuming a bar

stock preheat of 1S50 F, the parabolic model was run in

this range, and the results appeared quite reasonable. Be-

cause the proper trends were present in this case, the tem-

perature rise, to which the metal is subjected, must also

strongly influence the temperature profile. Running both
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the linear and parabolic zodels within the chain fabrication

temperature range gave reasonable results, since the trends

that resulted were 'n agreement with N'iopes' work,  see Fiqure

3. 13! . Zt was not possiole to evaluate the accuracy oz these

calcula ions since no experimental data existed or these

temperature ran<,e s.

Conclusions

The heat flow model was developed upon the basis that

all the heat transferred to the bar stock during =lashing

was accomplished by conduction. From this point it was

assumed that the heat source could be modeled as a quasi-

stationary planar heat source moving at either constant

velocity or acceleration. As has been exhibited. by the

output from the many sample runs of this computer model,

the actual heat transzer process is much more complicated.

The present zodel over simplifies the cond tions, and is

very vulnerabl e to prob1ems generated by the numerics

within the mode1.

Wide variations in temperature. can be obtained by

changing time-steps, final time, the specimen temperature

rise, and other parameters. Within a spec Sic temperatu e

range �550 - 2750 Z.! both models appear to give fairly

stable output, but at otl er anges the model  especially

the parabolic flashing! falls short in data correlat'on.

The linear model shows the best agreement, but this is
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L'mited to inca ..ediate distances =rom the =lashing inter-

face. At distances greater than about .25 inches the model

exhibits a rapid temperate re decay which disagrees with

established data.

OY;e o the difficulties in matching the experimental

data is the complexities of the early stages of flashing.

The experimental parabolic flashing is not truly para-

bolic since initially the motion is constant velocity to

initiate flashing, These complexities add. to the di ffi-

culty in trying to model the 'nterface conditions.

Another problem with the ~odel is that the parabolic motion

cannot be acc zately modeled by a quasi-stationary heat

source. Since the heat flow is so rapidly changing with

the accelerated motion, the model cannot adequately develop

the proper temperature growth rate which occurs under real

conditior s. For these reasons, the present model has

Limited use, n. a, restricted temperature range.

A much more complicated. model could be developed, one

that may consider the individual point heat sources that

randomly appear ove the surface during flashing. A model

of this type would entail extensive effort and even then

the value of its results may prove questionable. En the

flasning process, there are so mazy variables that even a

very ''nvolved model may still give unsatisfactory results

when compared to expe izental values. Slight inconsisten-

cies in the material properties or weLding i=.put variables
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could d ast' cal'y change the real life output from the

ant.'cipated model values,

conclusion, there appears "o be 1'tt'e advantage in

developing a detailed model of the flashing process since

no matter howdetailed it becomes, its output will not ex-

actly match. the elope imental data. Secondly, the amount of

effort that would have to be dedicated to a project of this

magnitude could possibly be better invested in the develop-

ment and implementation of sensing and monitoring devices

to better control the process. The main obj ective is to

develop a auality product, and this could be bette- achieved

through improved production and quality assurance, than

through system model development.
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Strate ies for Tn-Process Sensin and Control

4.1 The need for sensin and control

:"..e =ac"ors a=~ec<ing 'ash welded anchor chain we=e

ident''fied earlier in Chapter 2. ~n order to p oduce a

sound, eliable weld, these parameters must be adequately

con trolled s o as to keep them within the es tab lishe d accep-

table ranges for the various sizes and types of steel chain

produced. Currently chain production is accomplished either

by means of a very labor intensive, semi-automat' c welding
process  i.e., carrousel station set-up!, or by means of

more modern automated flash welding machines. The present

trend. is towards the development of more completely auto-

mated manufacturing equipment centers and robotics, which

will require more complicated. control and sensing systems.

Economic, technical and social factors have been responsi-

ble for the trend, and a list of some of the specific

reasons follows: �7!

Economic:

Lack of adequately trained and skilled

personnel

* Inefficient use of labor force during

equipment change outs and short produc-

tion runs

Reduction of labor intensive ab ication

methods
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Social

H.educt cn oz monotonous, tedious work

tasks

* Elimination of noisy, unhealthy, stress-

ful working condi t ' ons

* Easier control of environmental condi tions

Technical

* Adherence to stricter sazety standards

* Improved p=oduct quality due to reduction

in manufacturing errors

* Greater standardization oz output by

elimination of human subjectivity during

pro duction p ro ces s

* Reduction in time reauired or measure-

ments and ot".e= tasks .

The overall ob�'ective oz this 'ncreased automation is to

reduce the non-productive time oz the work cycle  Figure

4. 1!, and hence increase the overall system productivity.

With advances in the z.' eld of sensor technology, cons ' der-

able gai~s should be able to be accomplished in reducing

the operating time of the newer programmable manipulation

devices .

Of the machines that a"e 'n operation today, the

major'' ty o= them are more programmable than automatic in
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FEGURZ 4.1 Typical automated production work cycle



nature, since they can on'y reproduce the we' ding parameters

which have 'oeen prog"ammed into the machine. Opt'mum weld-

On many machines the only adjustments that occu are

the initial zeroing out o the welding machine prior to

setting in the weldi~g pa azeters for the new production

run. Even unde= these 1~ mited adjustment and control con-

ditions, fa'rly good welds can oe achieved during norma'

operating conditions. Depend>' .g upon the type of machine

condit'ons have been detemined in advance, =rom past

practice and experimentation, and these values are used as.

t.,e program inputs. Once a weldir g operat~ on is started,

it is performed by following the predetermined program.

Very few, if any, of these parameters and procedures are

actually monitored and sensed during the welding operation

and. chain manufactu e. Since there is no "feedback" to the

machine, no self-compensation can, be made to make allowances

for certain peculiarities that may ex''st in the particular

piece being --elded. Due to th's system inflex'bility,

every chain link is welded under the same input parameters

which. assume ideal conditions. Slight variations in certain

parameters of the bar stock  i, e., cleanl'ness of the ba"

stock abutt'ng surfaces! can cause the resultant weld to

exhibit varying quality from link to link. As a result of

the lack of adaptive controls on these machines, the' r

reliability is degraded and will vary with the type of

materia.l bein g welde d.
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being used, and the concitions of the bar stock being weld-

ed, the veld. reliability can be quite high E,'i. e., 9C%%u+! .

In many other manufactur-'ng processes this might be an

acceptable reliability, because individual parts are pro-

duced and inspected for quality before being assembled.

Since the chain links are not. tested until usually a shot

of chain is produced, a faulty link results in chain dis-

assembly for link replacement which interrupts the normal

productio~ cycle. 'this results in higher costs in chain

production, lost time, and materials handling problems at

the welding machine, since the entire length must be trans-

ported to be repaired. When we are dealing with anchor

chain, we are primarily concerned with several aspects:

1! Chain integrity and s trength

2! Fabri, cation cost

3! P oduction time

4! Quality cont ol

All of the aforementioned can be li.ked d'rec ly with the

process =el'ability. A very high reliability must be

achieved in the welding process and this same quality must

also be reflected in the post welding phases; flash emoval,

stud insert. on, stud welding, heat treating, and inspection.

.resently, industr.' al and research organizat" ons are

very interested in developing higher rel' ability, in many

types o automated abrication, through the u ilization of



state-of-the-art electronics. En recent years, the lack of

suitable measu ing procedu es and systems has increasingly

p laced a res tx aint on Che development of automat.' on. One

of the major obstacles has been the machine's inabil' ty to

duplicate the human sensory facult es, and hence, the "au.to-

mated" systems have still been forced to involve human in-

tervention at certain stages of the operation. The human

faculty of vision is unsurpassed when. it comes to recogni-

zing tasks, such as visual inspection. This is but one�7!

to guarantee quality products. �3! The basic principles

of optical, acoustic and tactile transducers will be s ud'ed.

and the possibilities and, 1'mitat'ons of intell~ gent sensor

systems for anchor chain fabrication will be reviewed.

example of a measuring system, which is generally categoriz-

ed as pattern recognition, othe s being measurement of

sound and touch. Patte.rn recognition requires more Chan

determination of' measurement values; it zequ' es decision

making, and, therefore, some type of intelligence. These

"intelligent" measuring systems represent the most recent

developments of measuring technology and hold much promise

for Che future. Since the objective o all manu ac uring

systems is to producehigh quality items in desired quanti-

ties, it will remain the task for the upcoming measuring

technologies to provide the info~tion necessary =or op-

timizing the production process . This information will have

t o be f e d b ack continuously to the manufacturing equipment



117

4.2 T aes of sensor and contemp' equipment available

A relatively new field of industrial measuring technol-

ogy has developed 'n recent years, which deals with the

overall measuring process during an industrial operation.

As described by Hart, the ndustrial measurement pro-

and most, present-day automated welding equipment utilize

these methods to control the input weld ng pa azete s. The

major shortcomings in measurement technology occur during

the discontinuous product-'on measurement phase, where tasks

such. as quality assurance and production control are re-

quired to be performed. These tasks ar e very demanding,

and in many cases they requi.re optical, tactile and acous-

tic sensing. Over the years, engineers have equipped auto-

matic fielding machines with rudimentary sensing capabil'' ty

Many of these techniques a eto replace human faculties.

still in their early stages of development, and it is in

this area that the problems arise in measurement technology.

cess can be broke~ down into two types of operatio~; con-

tinuous and. dis continuous. The continuous operations, which

usually deal wi th proces s measuring techniques, such as

process analysis and control, are relatively simple to

handle. Input values are given to the equipment and then

these values are monitored and adjusted throughout the pro-

cess to keep them at their pre-p ogr~ed levels. This

area of measurement techniques is quite well established,



There are many types of sensors and cont=o's under

development, and in use today, which are attempting to deal

with these more complicated task requirements. Since the

measuring variable they are trying to determine cannot

always be desc"ibed by a physical mit, or the result ex-

pressed as a single number  such as in quality acceptance

standards}, the task becomes quite comolicated. In order

to arrive at the desired result, both an information pro-

cessing and d' scrimination phase are necessary which, there-

fore, require an intelligent measuring system. The z7!

Even within the sensory tasks there are different de-

grees of complexity with which we can deal. The s imp ler

sensors may only be required to perform binary decis 'ons,

such as yes/no or on/off. A more complicated senso may

have to measure pa-t size, and an even more comp~ ex sensor

system will require the capability to decide between dif-

=erent alternative it can, take during a production. sequence.

This sytem capacity to alter the manufacturing cycle, based

on feedback information, requires that there be a large

amount of accurate information. available. on. the instanta-

neous values of the process parameters. A. system. of this

type requires sea sors which can ob ain ~ nformat ' cn f om the

chain manufacturing environment and, relay th's data to a

processin stage which can, in turn, make adjustments to

the manufacturing sequence by means of a closed feedback

loop  s ee ~ i gur e 4- 2! .



  I ! FEEDBACK SI 6 N A L FLOE/ PATH

�! AD JUSTMENT/ ADAPTIVE SIGNAL

�! CORRECTED IhlPUT FLOW TO SYSTEM CONTROLS

.=iGURZ 4.2 Automation oZ an industrial ozocess
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would be required to perform -asks of pattern =ecognition.

As is the case with most automated manufacturing processes,

the sensor tasks requi ed, during the flash welding phase

mainly occur during the chain and link manipulation and

movement. En a completely automated chain product'on pro-

cess var ous types of sensors would be needed. to monitor

the entire process, ranging from the simplest to some of

the most complex in. nature. The various types of sensors

will be examined to see how they may be adapted to the task

at hand.

4. 2. l Optical transducers. Of al' man' s senses, his

vision tends to be the most useful where measuring technol-

ogy is concerned. The degree of optic resolution exceeds

his tactile senses by an order of magnitude, and far ex-

ceeds his audio sensing capabilities. For this reason,

systems, The laser and. opt.' - f~ be"other opt 1 ca Kaghng

sensors are readily adaptable to measuring and a'ignment

tasks, which they can pe form quite quick'y and wi h great

the trend in modern sensa development has been to favor

optica' and image sensing methods in the hopes of achiev~ ng

the accuracies needed for the control systems. .fany kinds

of optical sensors have been, developed and are being

utilized in various industrial processes. Some of the most

important -sks of an optical sensor are;to determine the

position of a workpiece, marking, measuring and. tracking.

These sensors 'nclude optic fibers, 'asers, television and
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accuracy. These sensors could accomplish several measuring

tasks which could be requ'red during the chain fabrication

process o ensure t..at c..ain qua ' "y and speci=icarions are

met. Scme example.es include, but would not be ~'~' ted to,

the following:

1! Bar stock link length  unbent!

2! Bar stock link length  unbent, preheated!

3! Upset distance

0! Abutting sur face alignment

5! Stud length

6! Chain ~ ength over a speci=ied number of links

Many other measurements could also be obtained by optical

sensors, but some limitations on their application can be

imposed by the work''ng environment,

Optical sensors have a tendency of working very --ell

in a controlled laboratory sett'ng, but their usefulness

deteriorates very quickly when they are placed in a hostile

work environment. The more complex the sensing system,

the greater the degredation caused by the actual working

conditions. This has proven to be one of the ma>or obsta-

cles in the implementation of these techniques into indus-

trial production methods. Yielding environments demand a

lot from sensors, since these instruments must face smoke,

dirt, e'ectrical interference, continuous usage, radiation,

heat, and operator mistreatment. Even well-built sensors
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must be pwdently maintained and properly located to en-

sure that adequate per=ormance can be obtained. Hence,

'mangy us 8 s pref e sens ors that do not contact the works iece

since this ozfers the advantage of covering a wider area oz

sensing resolution than can be obta'ned zrom a s''ngle-

point contact. Another benefit of the non-contacting�9!

4. 2. 2 Oztical 'ma e arocessin, "ven with all of

these obs tacles, many achievements have been -ade in. the

uses of the more complex sensors. The main task oz the

i~age sensor element is to convert a th ee-dimensional

optical picture into a time sequence of electrical signals

~hich can be understood by the control system. The image

sensing ecuipment is very important since it is the d'rec-

link between the industrial operation that is being per-

formed and. the information rocess~ ng system. The most

commonly used sensors of this type are various kinds of

television cameras. The d'st'nction between the dif erent

types is based upon the k'nd of sehsing element that is

employed. Different sensor elements such. as SbpS>, Pb0,

and Si, are suitable zor difzerent detection tasks. These

elements also allow for a wide range of conditions within

which these cameras can be effectively utilized. Zn a.

visual sensing system, it is usua'ly critical to es ablish

sensors, such as optic, 's that the instrument is subjected

to less mechanical misalignment, damage and wear.
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suitable lighting conditions in order to clearly define the

light and, da k areas which will simplify the recognition

process.  

Once the camera az othe" appropriate sensor has picked

up the image, the system must process th's information sa

it can be used in pattern recognition. The process entails

comparing the presented pattern, at the industrial process,

with a known acceptabLe pattern which has been stored in

rhe system' s memary. This image must be converted bv the

sensing element to analogue video signals and then ta can-

t'nuous digi al signals  A/3 conversian!, which can be used

by the system's picture processor. The processed informa-

tion is then passed to the mini-comouter for compar son

and recognition. The key to a successful system is there-

fore the ability to establish good reference patterns iz

the memos bank, which can be "e-dily accessed du 'ng t. e

zanuzac u in.g process. The easier it is for the system ta

learn reference patterns, the more flexible the system be-

comes in being able to more quickly adjust to changing re-

Zn industrial production there are many tasksquirements.

where the recognition system must adapt itself very rapidly

and at low cast to changes that are imposed. Such wau' d be

the case in welded chain manufacturing where the image acing

compared could. range from the acceptable dimensions of the

=inished link ta the comparison af the actual flashing

action ta the stared "ideal" conditions. All of these
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image sensors require considerable memory storage and,therefor e, dictate the use of microprocessors and computers
=ith sizable memory caaabili"' es,  see E"inure 4. 3}.

Cne of the more comp' ' cated aspec.s of image sensing
and process-'ng is the creation of a reference image that is
adequately described to allow for proper recognitioncharacteristics. The user fixes the object, or specific
features, in the system memory by describing it in as de-tailed a manner as poss'ble. Sometimes several v-'ews of
the object are required to completely define the image.In some p ocesses the reference pattern can be mo.e easily
established by tr acing along an actual drawing o f the c om-ponent  such as is done in CAD/CAR appl' cations! and having
this daia. read into memory to be used as a data baseline.Where the object being viewed merely has to meet some mini-
mum or maximum dimensions, and ' is fai=ly simp e in de-another method of recogn tion can be used. ~n these
sign,cases, a method of masking can be used, whereby the optical
sensor can detect i f the companent dimensions lie outside
the accep tab le limits  see: igure 4. 4 } . This is usua~ ly
accomplished by providing a photographic film overlay to
the optical sensor, which establishes the acceptable/un
acceptable ranges or dimensio..s. A masking method 's�7!

usually quite good =or repeti ive product on, but i t ' s not,read- ly adaptab'e to small lot/va~ing size production runs.
With any of "hese echriaues, once the data base has been



125

WOR

INFO R 9
PROCE

UN1T �! DATA CONVERSION TO FORMAT SUITABLE
FOR INFORMATlON PROCESSlNG UN!T

FIGURE 4. 3 Image sensing and processing



126 PHOTOGRAPHiC
FiLM OVERLAY

OVTER MASK
i.e,, MAX. DlAMETER j

AVERAGE
ACCEPTABLE
PART DiAMETER

.:GvM~ 4. 4 Ztlustra>ion of ooCical ms%i.o aet10d
for i~pe sensing devices  ~~!



input and zavorable results have been obtained, this sen-

sing system can be integrated into the manufacturing pro-

cess .

Optical image sensors can also be used to perfa~ tasks

other than part measurement, placement, sizing, and shape

distinction. ?ossibilities exist to utilize these optical

techniques to perform other tasks such as:

1! Temperature measurements � by recognition of

the actual color, or the infra-red signal

that is generated.

2! Stress measurements - by using the imaging

techniques in. conjunction with moire photo-

graphy to study welds at high temperatures

 st ain distribution!. Another

means of high temperature thermal st=ain

me as ur ement i s through the us e o 1 as e

speckles, 

3! N3E o= ma .etic particle and d e penetrant

tests - by comparing the optical image of

the tes ted parts surzace to established

acceptance jrej ection c"i teria .. Through

pattern recognition, law concentration

measurements, and critical law length data,

the parts quality could be evaluated during

the on-1'ne process.
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These are only a few of the +any areas where ".ese opti cal
sensors could be or use 'n an automa.ed chain p=oduct.' on
system.

4.2.3 Acoustic se..-so=s and sisal orocessin . Acous-

tic sensors are presently less commonly used during the
dustrial process because of their lower reliability and
accuracy when, compared to the optical and tactile sensors

available. These sensors tend, to be more difficult and

costly to develop since acoustic sensing and siz~a~ pro-
cessing 's quite a complex and relatively young technology.
Acoustic sensors are zoze prominent in. quality ar'd non-de-

structive test"'ng  NDT! procedu"es, whe e the environment

can be more stringently cor trolled. .lost o= the accustic

testing procedures use ai borne and structure-borne sound

s '+ma s 'n an attempt to d aw cor.clusions about a system's
29p"oduction qu.-~' ty. Simi a= techn~ q .es nave been ~ sa"

'n evaluating the operat'ng con'ii"icns o= mach'nes and

manufactured products. T~e latter procedu e requi es that

an acoustic data basel'ne exist o compa.ison purposes.

Two methods of acoustic testing ex.'st, active and passive.

The passive methods are based on. the analysis of the equip-

ments self-generated no' se, whe eas the active method

studies the osc '1ation behavior o the component due to

an externally induced sound s gna1.

.'tost NDT methods are intended to detect inte~al =laws

that are t "ately o cause fatigue o" static loa" a' lure
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are performed on ~ark 'n progress so that de-These t sts

fective parts can be rej ected early, thus saving additional

expendi ture o f money and ez=or T..e tes ts can a so be

performed on used components during disassembly of ecuip-

ment which has been in service, in. an attempt to detect

the start of fatigue cracks. To date, success in flaw

detection has been achieved in the following areas:

* Production faults

* Excessive noise production

* Damage to subassembly components

* Operational faults

* Discontinuities in materials

Some of these successful tests have been adopted to the

industria1 environment, but others have only had 1''mited

appl ' cation outside the laboratory. As ' s the case with

all sensors, the work environment of a welding, fabrication

facil' ty places a t emendous strain on the sensors capabil'-

ties, and considerably degrades thei- reliability. One

major impact on acoustic sensors has been the high ambient

no se level that is present in industrial activities. These

conditions require that extensive noise filtering and soun

isolation requirements be imposed i= the sensors are to be

able to perform properly, Because of these diz=iculties

and acc"racy limitations, apid development and industrial

implementation have not occured as with other types of

sensors.
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procedure  NDZ! . Various ultrasonic techniques are sa!

shown in rigures 4,S and 4.6.

Zn the a"ea of NDT, the success rate of acoustic sen-

sors has been considered to be questionable. As mentioned

earlier, discontinuities can be located in a mater~ a',

such as a chain link, but the degree to wM.ch these defects

can be found rests n the quality of the acoustic tes

tnat exists betweenequipment and -he an~le o= incidence

Ultrasonic methods of f'aw detection can be used on

all metallic materials. These methods re'y upon the trans-

+'ssion and reflection of ultrason c beams. Reflect~ on

will occur at sur aces, such as caused bv cracks or voids.

The sound beam . s converted into an oscilloscope trace,

video terminal, o graphic plot for convenience of inter-

pretation. Zn transmission methods, separate transducers

are used for sending and receiving, and the interposition

of a defect results in. abnormal abso~tion of the beaux.

:n the e flee ' on technique a single =ransducer ' s ~sed on

the speimen. The, presence of a re lect'ng sur=ace, other

than the member's waar surface, causes an intermediate peak

to show on the s' gnal trace. Ultrasonic test''ng  UT! tech-

niques are useful for detecting cracks, voids, and. defects

both on and far below the surface. They equire operato

skill and care in their application and interpretation,

and this is whv there is a t=end towards automating the



�~!
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Fl'Gl,zK 4.7 Shear wave crack measurement technique
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In cont ast to the Battelle report, Det norske Veritas

 DNV! issued technical eport Vo, 713525 on the speci-�5!

=ication =or the u' trasonic examination of welds in chain

links in the same year. DNV called for the utilization o

c shear-wave technique in which the beam enters

oz the side at a 45-degree ang e, and a.iso

th.e lt" as oni

th.e specimen

requires a corresponding -'5-degree t re s c'ucer ~cad  F ' ~ure

~.7!. Lhe shear-wave techniq e was se,lee ed ecause

the transmitted sound wave and the axis of the defect. In.-

strument sensitiv' ty adjustments can be vade, but this can

lead to e roneous fault detect.' on. As an examp'e, -'n a

series of ult asonic tests performed on samples of 4-3 jh in.

flash-butt we1ded chain, 3attelle Laboratories noted

that a number of defects were acoustically detected at the

flash-weld area of all samples. Further mic oscopic in-

vestigation revealed that, the majority of these flaws were

the result of false ultrasonic indications. The Battelle

report concluded that the use of acoust'' c devices for de-

fect analysis  as they existed in 1977! was not re'iable,

and in general, acceptance f ejection decisions shou'd not

be based. on their test results alone. Since these kinds of

errors could result in the rejection of satisfactory chain

and also decrease productiv' ty, it was recommended that the

UT requirement be eliminated from any speci:icat'' ons on

welded chain, -nd that test'n= by other more "el'' able NDT

methods be substituted.



l33

lends itself nicely to production test'ng since it does not

require the f'ash weld to be cut from the Link..".rom these

two reports it is obv. ous that there exists a di=:erence

in opinion on the value of UT procedures. Since both o"

these repor s were issued, cons' de able gains have been

made in sensor and process'ng capabil.- ties.

Numerous activities have found success with UT pro-

cedures, acoustic imaging, mic oprocessors, and what is

known as non-destructive eva'uation  NDE! . United St tes

Steel Corporation, "or example, test welded line pipe as

it travels through the ~Ll. Using a combina-ion o= f1~ oro-

scopic and ultrasonic examination, the we ds are inspected
r' ght a ter they are made. �6! The fluoroscopic inspection

detects sLag inclusions, gas pores and other volumetric

defects, whereas the uLtrasonic system detects cracks,

dercuts and incomp' te penetration. Armco, Incorpcrated
has successfuLly used ultrasonics to examine ' arge plates

used in shipbu' lding and also stainless steel automobile

engine valve rods. The ailway industry has also made�7!

great advances 'n ultrasonic 'nspection of the ". conti .uous

welded rail  CWR! and. long welded rail  LM!, which ~ s pro-
duced by f Lash-butt welding techniques. �8!

The rai 1

dustry also utilizes UT for in-service rail f La~ cetec-
�9 and ~O!

~. 2. 4 Ultrasonics and Linear ar a>-s . Mytime a

mater' al has o be inspected, some of the most important



the production speed of the manufacturing system. Time

cannot be wasted by testing delays, and production. zlow

path. bottlenecks cannot be tolerated. There are di fezent

ways to approach this problem; by adding mare inspectors

and machines to keep the flow moving, or by improving the

speed and performance of the existing equipment. The

latter is usually more cost effective since once a. better

machine is developed the annual operating cost w ll de-

crease. ln the field of 'ADE, and in particular in the a=ca

of ultrasonic testing, one oz the bigger breakthroughs in

increased testing speed has been brought about by the

introduction of ultrasonic linear arrays.

Lemon and Posakony have shown that l'near arrays Ql!

can be app ied in ultrasonic pulse-echo 'maging because o=

the added speed of inspection afforded by the electzcr'c

control of t"e sound f eld. The need zor multip e trans-

ducers is elim nated and by elect"onically switching on

and off difzerent elements in the array, a la ge section

of mate=ial can be inspected during a s ngle pass, De-

tailed information about flaws can be obtained by the array

capturing the diffracted and mode converted energy f=om

the czack. Th's cata can be compared  by the use af a com-

pute ! to known standard zlaw data which will allow for

automat~ c cha"acterizing and s''zing of the de-ects

featu es requ' "ed of the testing procedures are that it can

be reliable, cos- effective, and perform its operation at



A typical l ..ea- ar"ay 's shown in Figure 0. 8. i..e

key para eters are: a, the "idth oz the element; and d,

the center-to-cente» spacing of the respective elements,

Another important requirement is maintaining adequate

elect»ical and acoustic isolation between the array ele-

ments so that they can work independently. 'Ahen we are

concerned with single element sound fields  one element

transmitting at a time!, the w''dth of the element is the

maj or controlling f actor in the shape of the pres sure pat-

tern that is produced. As the width parameter 'a' decreases,

the angle of the pattern i~creases  see Figure 4.9! . ~he

equation governing the pressure pattern for a single ele-

ment sold field is:

P  9! = sin  m a X sin 6! / ~ a X ' sin 9!

= wavelength

9 ~ angle at which pressure is measured

Phase steer''ng is accomplished by seouent' ally pulsing

the ar ay elements and by contro' ling the time delay be-

tweezi emissiors. Zf the time delay is set at half the

period, then alternate elements w'' ll be on the same wave-

front of constant phase. The performance of the array in

stee ed and unsteered modes can be predicted and controlled

by knowledge of a few des''gn parameters. "R.en prope»ly

used, ar=ays have si+~ificant advantages and can p "ovide
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the means =or achieving high speed inspect'ors and other

ultrasonic tests not possible with. s 'ngle transducer

 ~L!schemes." 3y proper manipulation of sound waves, we

can generate an inspection and feedback pattern adaptable to

the mater'al to be inspected. The proper selection of an

array can. greatly increase the amount of information we can

obtain from a sample of the material. The detailed data

that is revealed by the. ultrasonic interrogation must be

evaluated by a computer to keep it from becoming a mass of

unmanageable information..

rays with other techniques, such as signal process ng to

enhance the sensitivity and discrimination of signals re-

ceived. from the inspection system. Zn the future, many ~2!

of these methods may be comb. ned to give more complete

the acousto-optical imagingtesting techniques, such as

Arrays can be designed for the specific inspect'on

task and, there ore, are adaptable to many situations. Scan

speed, detail, power, and number of elements can all be

varied to give the optimum type of inspection equipment

suitable for the j ob, By interphasing these arrays with

modern computer' technology, man has increased the speeds at

which. ultrasonic data can be evaluated. The feedback data

from the test specimen is compared to accepted standards

and the programmed fracture mechanics theory and, if within

l.mit's, the system will accept the materiel, Increased in-

spection flexibility can be achieved by coupling these ar-
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system  :.'pure ~.''!. This system obtains visual images

of defects by using sound e lected by the defect which

causes Bzagg dif=zaction. The combination of the areas or"

ultrasonic transmission and acoustic emission also shows

promise of yielding very successful results in the future.

4.2.5 Tactile transducers and other sensors. Some of

ing foz the sensor to follow a seam which did not have to

rely on an exterior reference. 3y giving the sensor fzee-

the veld ng head.,

success ully

t on and time

dom or independent motion with. respect to

more complex pat ezns can be ollowed and

we' ded. ! Corrections foz the sensor mo

delay ror the welding head aze calculated. and stored within

the system's memo~ . This al' ows for a more accu ate weld.

path to be followed  see figure 4.12! .

Pwothez slightly more complex method ''s that of sensor

programming, which entails phys' cally tracing out the path

to be fo' lo~ed. A needle disa lacement sensor rollows the

seam and is displaced according to the se m's d'rection.

the earliest sensing capabilities to be used on automatic

welding and machining centers were in the area of tactile

sensors. The early models vere nothing more than mechanical

guides wh' ch followed the outside edge of a plate, oz rode

the weld groove, to proper'y locate the welding head for

the required operation. With advances in controls technol-

ogy the capabilities of these sensors also improved, allow-
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Several d.'=ferent types oz transducers can be used, includ-

ing the following:

Potentiometer

* Linear variable differential transformer  L'ZT!

* Strain gauge

* Optical sensors

Of these types, the optical sensors are most suitable in, the

electro-magnetic field environment present around the weld-

ing operation. They also offer the advantages of a very

fast response time, long 1' fe, and accuracy, �3!

As the needle moves along the prese ibed t=ack, the

data is kept in memory and. these points are recalled during

the welding operation. The p ograzming method does have

some drawbacks in. that considerable time is required to con-

duct a survey of each, part, which dramatically reduces pro-

ductiw~ ty. P~other shortcoming arises in "he fact that,

once the process s arts, no adjustments can be made for

thermal distortion or part shifting during the welding

operat on.

Other types of tacti'e sensors can. be used in de ermin-

ing the presence/absence of a part, and also n. counting

during a p oduction process ..fore advanced tactile devices

that are capable of determining sur ace roughness, harcness,

and other material prope"ties are being investigated.

These sensa s ~ill require extensive research and. develop-
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-ent be=ore "'=.ey materia = e a, s.ate that ' s acaa a-

b 1e t o an indus tzi al pr sent, most of "heseprocess,

desired tasks can be determined ~s. ng other :echn' ques,

.-h' ch ar more advanc d, An 'e is;he ti1i=aticn o=

aser opti-s or p o i'ometzy "c obta'n suz ace roughness

4,3 Conceptual, des~ zns o adapt ve control systems

An automated flash-butt welded chai~ fabrication center

is necessary if the chain reliabili y is to be substantially

increased. With a completely automated system comes the

requirements f or more comp1ex sensors, adaptive controls and

decision-making capabi lit ' es, The types of sens ors current-

design of an adaptive contro1 system for -flash-butt welded

anchor cha'n pzoduc ion, it is necessary to identify the

following:

Welding and fabrication parameters to be

monitored

method to be used in monitorin~ the above

When du ing the production cycle the moni-

tozing should be conductec

The means by which. the ind' vidual sensors

can be integrat D 'n=o one lar=e system,

ly available, oz under deve1opment, have been previously dis-

cussed, and all the pertinent production parameters were

identified in Chapter 2. Zn ordez to develop a conceptual



capable o= chain product' on and quali "y

cont o l.

 hce "' ese ietai's have been determine~, an at mpt can be

appropriate qual' v controlsside ed. It is assumed that

during steeL production -ere maintained so that the initia

material propert~ es  i . e., hardness, grain size,, strength,

etc.! need not be recertified during the process.

It should be noted that regardless of the finished

product, whether it be forging b' llets, hot rolled bars,

sexless pipe, cold. drawn bars, slabs, or plates, in order

Co ensure a. a~ al'ty product t 's necessa~ to maintain

quality cont"ol throughout the fabrication process. Even

the design engineer selects the correct grade o f s"eel,

and the steel mill complies -~' th the chemical make-up,

there are sti t 1 prob'ems that can occur ~n the s eel pro-

duct' on. No two steel mills are aLike, even i= the two

mills make the s~e products to the same specifications.

By the same token, neither are the methods by wh ch, they

achieve ozthe~ = desired qua~ ' ty level. TH th the ex ept o..

continuous casting, the molten. s tee' must be poured nta a.n

made at ident':ying some sys tem conceptual des~ =ns wh' ch.

seem =easible for performing the required task.:-o the

sake of simplifying this problem, and also reducing the

number of sensors required, only those parameters that are

directly assoc' ated with the production. phase will be con-
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ingot mold .-he e so idi '' cation occurs. Ouring the cooling

process a shrinkage cavity orms which will cause defects

in products fo~ed from the ingot, if it is not completely

removed.

Zn recent years, the steel ind~s try has shown consid-

erable interest in sensing equipment for on-line testing in

their mills. The interest in this area is generated in. the

fact that it is much easier to examine a billet since it

has considerably less surface area than the. finished oro-

duct, As an example, a. 6 "x6" billet has 228 sq, in. of sur-

face area, but when rolled to a one-inch bar it hzs a sur-

face area of about 1700 sq.in. The economy is obviously

in the examination of the billet. Further, if the billet

is faulty it can be repaired and its value retained, where-

as, the inished groduct might have to be scraped.

Van Kirk lists the follow'ng as in-' ine process, semi-

finished steel inspec ion techniques currently in use in

some American steel mi ls:

1! Fluorescent magnet' c particle billet testin

ec uiomen t - desi g ed or handling a vide variety

of lengths and cross sections in an in-line

fashion zt the rate of 45 billets/hour.

2!-. Fluorescent ma net~ c particle billet testin

eauizment-des gned for handling limited size

billets but zt a high mi' ' rate of 180 billets/

nour.
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3! Fully automatic e~ectromametic bilLet testing

and markin~equiDment � capacity of 2S-40 ft. /

minute ut' lizing ro tating eddy current s ens ors

4! Full aut omatic hi h st eed e lectroma ne ti c

billet testin and markin~ machine - variom~

billet sizes and geometries with a feed rate

of 60 ft./minute utilizing high speed scanning.

5! Fully automatic electroma etic testin e uio-

ment - for detecting corner flaws in cast and

=oiled billets. Automatically programs muL i-

wheeled grinding unit to remove detected flaws.

6! Full automatic ult asonic test'n e u ament

locates internaL flaws in steel billets in two

planes and. marks them for removal. Feed rate

is approximately 100 ft./minute.

These methods have proven very success:ul in con"rol

the qua'ity of steel de1'vere" bv the mills.

4. 3. 1 Honitorin of roduct~ on parameters. Zany of

the previously identified production parameters will ..ot

have to be monitored because their quality assurance is

being cons' dered external to the system  i.e., material

Some parameters may have to be monitoredvariables! .

a'Lmost cont~ nuously, while othe s may require only a sin-

This wide 1' st o pa"amete s requi"es hat;gle check.

physical, the=~1, e ectr'cal, electro-magnet' c, acoust' c,
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d hydrau' ' c zeasur ments be taken accurately and at, high

:ates of s~eed As an example o the numerous =equi "emen s,

some of the actual herbal measuring recui "ements a e

listed below:

Thermal i.easur '-.

1. Temperature of 'oar stock from preheat.

2. Monitor the flashing interface to observe

temperature variations associated with

flashing current changes.

3. Monitor welded anchor link cool down

 or postheat! after flash ng is complete.

4. Temperature of chain derring heat t"eat-

These are a few of the actual measurements required. Zn an

effort to simplify th's discussion Tables 4.1 through 4.3

were developed which ncompass the s~a g of the syst m's

overall requirements and tasks. They list the parameters,

the types of sensors that could be used, and whether or

not adaptive controls are applicable. 'Ahere available, in-

formation pertaining to when the monitoring should be per-

formed is also provided.

From the resul s of these tables, it is obvious that

there exists a. wide "ange of sensors and monitors that can

be applied to an automated flash-butt welding ope"at.' on.
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ed. The degree to which an operation 's automated should

reflect its ability to achieve the desired reliability in

its output product. For the case of Plash-butt welded

anchor chain, further studies need to be conducted to de-

termine which controls and sensors are essential and would

provide the most benefit fax the system.

0. 3. 2 Platen movement control. A s tudy oz all the

process var.' ables =eveals tha none or the parameters are

rea1 ly '-..dependent variables . As each one changes, the

overall process is affected in some complex manner. Th' s

the area ofinterdependence is especially noticeable in

the flashing p arable te rs, wh e e the cur=en t, vol tage and

platen movement a e very closely related.  Platen move-

ment is considred to encompass; flash'ng rate, flashing

t.me and. flashing voltage cuto f.! Of a'1 the parameters

that must be cont=ol1ed during the:lashing operat'on,

actors efxect-plate~ movement ~ s one of the most critical

ing weld quality, P=esent day cont"ols:or the o 1 a

The more of these adaptive cont=ols that are used, the high-

er the capital investment in the system. W'ith the 'ncreased

number of cont=ols and sensors comes the added complexities

oz prog amming and svstem integration. Not all these ccn.�

tro's are probably essent''al, and what each. individual one

contributes to the overall improved reliability may be very

small. Once a certain number of these have been installed,

further capital and technical investment may not be warrant-
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motion are based on predetermined rates of platen advance,.

such as linear and parabolic patterns. Because of thei"

1.ack of ability to adjust to changing cond.' ions, these

controls experience difficulty in trying to achieve high

stability flashing. The major heating effect of the lash-

ing operation comes from the resistance heating of the con-

tact bridges between the abutting surfaces. As burn-off

occurs, the size, and. number of these contacts is constantly

changing. The contacts are heated by the current passing

through them, but at the same time the platen motion is

compressing them and hence lowe"ing their electrical resis-

tance  decreasing the heating rate! . rzom th's it can be

seen that stable flashing is difficult to control, and that

platen motion must be kept compatible to actual burn-off

rate to ensure that flashing can continue. If the burn-off

rate exceeds the platen motion, flashing w 11 eventually

cease when the gap becomes too large. The other extreme

results in a short circuit when. the. platen mot on exceeds

the bu~-off. In order to avoid the short circuit con-

dition many welding machines are designed wi h excess've

power availability and higher open circuit voltage than is

theoretically necessary. This provides the machine with ca!

suffic'ent power- to expel the contacts at the expense of a

lower machine eff' ciency. Another Disadva~tage of th"' s

approach is that the resultant c ~rren pulse reauireD to

eliminate the large contact bridge can cause weld defects



and deep "raters

According to Ji-Long, the motion of the platen can�.5!

be controlled such =hat a lizitat~ on cm~ ze placed on the

size of the largest contact bridges as -hey fo~ 3y limni

to react to the apidly changing flash'ng process  see

Figure 4.13!

A s~ary of the results obtained by Ji-Long per z~ n~ ng

to an instantaneous platen control system follows

l! The power required to initiate and maintain

flashing is considerably reduced.

2! Du ing the mid-stage lashing ahase  heating!,

the average flashing current is highe" than

preset platen motion equipment, even though

the open circuit voltage has been reduced.

This increase in current is due to the longer

ing the s' ze of the contacts, the flashing voltage can be

reduced Platen direction and velocity are regulated by

the use of the current density of the contact bridges as

the controlling signal. These. densities are comDared to

the reference value and then the speed/direction is correc-

ted =o maintain stable flashing, and to limit the power

requirement or bu~-off. The nstantaneous cont=ol system

is an electro-hydraulic servo mechanism which maintains a

high precision control on platen position and velocity,

This control system also has adequate frequency response
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bridge contact t' ze and, he..ce, the ove a' 1

heating efficiency oz the f~ ash we' ding

operat' cn is .'ncreased

3! Increased workpiece temperatures can be ob-

tained  see Figure ~~.1~! and also the resul-

tant temperature gradient is steeper. These

factors allow for the fo~ation of a smaller

HAZ during the actual welding operation,

which reduces the danger of porosities. A.

side benefit of the steep thermal gradient

is the g eatly reduced amount of metal burn-

off

0! In final stage, flashing is stable and free

of intermittent open ci cuits and shorts.

This stability jus prior to he upsett ng

action results in high. qua ' ty welds w th

~ ' t tie or no contam' nation.

ozThese results are quite promis~ ng, and the advantages

this kind of platen control system are very important in

developing a system capab'e of producing high qua1ity

welds.

~. 3. 3 Conceptual mode l. In an attempt to consolidate

the sensa" requirements and the associated, product on re-

quirements into an integrated system, a, conceptual xodel

was deve' oped. Tne model, wh' ch appears in this section.,
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Many of the sensorsmust be processed and. disseminated.

used may not yet be fully developed., but it is anticipated

that progress will be made in these areas in the near

future. Other variations of this model are possible, and

it is the author's intent to present, in a graphical manner,

only one possible means of achieving increased chain re-

liability through applicatio~ of adaptive controls to an

automated process.

Some areas of th''s automated chain fabrication process

will not be easily achieved. This applies especia~ ly to

"he requirements for the sensor syste~~, the kinematics o~

the manipulation system, and. also the image sens 'ng and

processing ..multi-sensor controlled assembly systems are

feasible, but presently they take much of the techno'ogy to

its present day ' ' ' ts. Intelligent measuring systems will

=ind increasing application in the automation of 'ndus r'al

processes, such as chain fabrication, but the ease with

wh' ch th' s will occur cannot be predicted. Estimates as to

what new sensor capabilities may be d.eveloped in the near

future vary considerably, and de' ays in implementation

cannot be:Qrseen.

is the result of combining the anchor chain production pa"a-

meters, sensors, data collection, and. decision maioli .g re-

quirements into a system -hat could be applied to automa. ed

chain production. This model is not detailed, but ''s does

give an indication of the lar=e amount of information that
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r ZGURZ 4.15: Coupling oz Sensor =o Control

System for Manipulation



Zn arr'vi..g at this mode', as shc~w in the preceding

.=igures, -any sources were dram upon to determine which

tyge -: sensors -rd or.=rois -ou -rovide =he !es per-

fcrmanc .:.e ac=ual measurements and "cntrols are auite

complex and further = search and development are st. 11 re-

to get corsistently

aust be high.  ~6!

should not be rel'ed upon wholly, since

good results, qual' tv control standarcs

quired. Some areas, such as platen motion control, show

great promise in ach'eving higher quality welds through

high. p=ecision contro1.s. Other areas, such as NDT, still

need to be imp oved to enable them to be accomplished at

a faster rate but with increased accuracy. These develop-

ments .'n control equipment and monitoring devices are

giving users an assu ance that cannot be ga'ned through ii3T

methods. iven though these devices are very useful, they
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methods to Reduce the Possioilit' es of

Premature Fai lure of Welded Anchor ~ gin

All welded cha'n failu es are not the result of short-

comings in the chain manufacturing process. Some failures

can be traced to the bar stock, which. many are caused by

damage inflicted during in-service use. r or this reason,

it is essential that the chain be inspected periodically to

ensure that no conditions exist that would cause premature

The inspection and testing must becatastrophic failure.

continued throughout the cha' n's 1.ife to dete~ne that

Tn order to be able to produce a higher quality anchor

chain, i is essential that the types of premature failure

that can occur be ~ dentif ed.  Chain failure case studies

are inc uded in Appendix B.! Once these modes of failure,

and their frequency of occurence are known, steps can be

taken to try to improve the fabrication process by varying

the appropriate parameters . Sometimes the parameter that

must be changed may adversely affect other aspects of the

chain quality by causing a different type of defect. In

these cases, a decision must be made as to which defect is

least desirable, and, the. parameters should be adjusted to

reduce the probability of its occurence. Identification of

the types of failures that occur also allows the manuf ac-

turer to adjust his quality control procedures  i.e., NDT!

to e..sure that the proper techniques a e used to det ct

these anticipated flaws.
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meets zi.nims standards established zor its use. .he

"ollowing sections will nvestigate the ca~ses of chain

failure and. attempt to establish guidance for procedures

which should =educe the possibilities oz premature =a'1~ re

of flash-butt welded chaiT .

5. ~ Identification oz problem areas of chain failure

Report  XNAN-371! , when the relat've number of connec=-�!

-ng links and common 1-'..ks in a. chain are conside ed, the

za' lure frequency of the joining components is around

zi ty tires that o the common link. :h's dramatically

attri'buted to the more complex ce-

~ink as well as to i.ts inherent

higher f a11.u e ate 1s

sign of the connecting

ure esearch cond. cted byCha ns "ress concen-=ations.

Ste .. and. '~heatcroft showed that a cost-ef=ect've <6!

Over the years, merchant ships have had good service

performance from welded anchor chain. The British Navy has

"iso found welded chain to perform satisfactorily ader its

operational requirements. Failures in chain could be caused

by f atigue, wear, britt e fracture, corros' on, ductile f ac-

ture or s retching. under h'gh load conditions  see appendix

B!. Sometimes these different mechanisms work togethe to

expedite the failure of a. part, such as with a combination

of corrosion, wd wear. Many times the failure is not associ-

ated w'th. the coercion link, but rather with, the connecting

links. As stated in the Nationa' Na erials Advisory Board
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approach to increasing overal' chain rel' ability would be o

improve the connecting links, or to reduce the number of

connectors 'n the chain. Some fielded .chain appl'cations

could be modified. to use longer lengths of chain, but cer-

tain shipping operations would encounter difficulty in chain

handling and stowage of long sections.

Failure in. common links account for about 177. of all

ship mooring system casualties. Even though this repre-

sents only a small percentage of the total failures, it is

important to try to eliminate potential problems whe ever

poss 'ble. The data from. the .eports already cited, as well

as from other sources, was stud'ed and. some of the common

causes for chain failure have been found to be the following:

1! Brit tie f a' lure

2! Lack of usion in the weld zone.

3! Heat Af fected Zone  HAZ! microcracking

4! F ati gue

5! Defects ca~sed bv t'h e gripping electrodes

durin.g we' ding

6! Lack of maintenance, wear and abuse

7! Corros' on around ~he end of the inserted

s ~d, " suiting in the Loss o the stud

8! ." ractu e initiated from notches created

during ar" welding of the stud into the Link.
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4s can be seen, many of these causes of failure could be

eliminated, or at least reduced, by adherence to r.'gid

quality assurance procedures hroughout the "lash-butt

welding process. It should also be noted that the corrosion

problem at the stud end, and the fracture initiated f om

notches caused. by arc welding are not failures associated

with the flash welded joint. Failures have also been re-

ported in, the bar stock material itself due to internal

inclusions, de "ects, or pipes.

A. Brittle fracture

Brittle failure of anchor chain can be readily

avoided, if the proper heat treatment is ut lized after the

chain is manufactu ed so that adequate toughness is

achieved. In the case of flash welded chain, the chain

must be proper'y normalized to achieve the desired qualities.

By studying the normaliz"ng parameters, the proper combina-

tion can be found =or the specific chain link material.

 Baldt, I. c. has successfully done this for their produc-

tion line chain based on studies conducted by Battelle

Col~~ ' us Laboratories.! �7!

3. Stud 'nduced =ailures

The next type of defects to be considered are those

associated -w th the stud. insertion. loot all ~lded chain

is manufactured in the s~e m~~er, and the chain design

varies between manu acturers. Of the most common types
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service, the following are the most prevalent:

1! Welded st' d

2! Integral stud

Also found are press fit studs, but their use is being cur-

tailed due to a record. of high stud loss rates. Once the

stud is lost, the chain link becomes very susceptible to

twisting and deformation. This deformation can lead to

failure, or at least cause malfunctioning at the anchor

windlass due to the incompat'bility of the elongated links

and. the windlass surface. Zoz this reason it is important

to maintain the link's shape by securing the stud in place.

Welded studs can be inserted in vazious manners. Same

manufactuzezs weld both ends, while othe s only weld one

end. The degree to which these studs aze welded also

changes, fzom simple tack welds to full circumferential

welds. With hese choices the U,S. 'Navy has selected to

use a. cizcumfezentially, structurally welded stud, whose

weld. bead is located on the opposite side of the link from

the flash-butt weld, joint. No specific chain failure rates

are available faz this type of stud connection, but results

from general investigations  such as AM! show that there

can be a corrosion problem in these small crevices. Since

this is essectially a design related matter, at present the

only measures available to avoid excessive corrosion 1osses

are proper maintenance and preservation.
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can be eliminated before leavin~potential s tud failu=es

the p1ant. 2eriodic inspections during in-service if e

could detect potential problem areas early and allow for

t akencor=ective act on to be

Failures in chain link have also been reported to have

initiated in the area oz the stud ~eld. Zn many chain manu-

=acturing operat'ons this weld is t=eated as a secon2a~

~eld and it does not receive the attention that the f'ash

weld receives from the testing and inspection point of view.

One of the easiest means of avoiding these type of failures

is to ensure that quality assurance is maintained through-

out, the manufacturing process, The stud weld. should be in.�

spected  NDT! to ensure that a proper joint is formed be-

tween the stud and the link. Host or the NDT methods cu"-

rently available still have their shortcomings, but any of

the acceptable procedures  i. e., dye penetrant, magnetic

particle, etc.! could be used as a, first indication of a.

possible problem area. The problem here in obtaining good

NDT resu1ts from the complexity of the geometry of the

stud joint and anchor link. Radiography may be requi=ed

to check the area of the interface between the stud md

link, to ensure that. the arc welding didn't cause any in-

ternal defects. t is also essential that no stress con-

centrations are formed during the stud welding which could

cause crack initiation sites. Pith proper cont"ols on the

a c welding, and sufficient tDT procedures, many of these
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C. Grioain electrode defects

Some failures have been attr'buted to defects

caused by the, gr''pping electrodes during the flash welding

phase, In these. cases, several cifZe ent conditions c-n

exist which. could result in a defective Link:

1! Unbalanced gripping power coul d result in

non-uni orm upset ing of the limni , thereby

caus ng res~ dual stress concez trations in

the strained geometry. This could be

caused by excessive wear on. one dye.

2! Burn areas cou.ld develop if e~ ectrode con-

tact area is too small for the, amount oz

By design, the, con�cu "ent being passed.

tact a eas are sufficiently 'arge, but

The 'ntegral stud, Link, such. as used in the chains de-

veloped, by Griffin-w'oodhouse Ltd, is very similar in design

to the one that is produced in Die-Lock chain. By its de-

sign, it affords the support required to keep the Link from

kinking, while it better avoids corrosion problems because

of its single unit construction. Again, no specif c failure

data is available for this type of stud 1'nk, so no definite

conclusions can be drawn. lf this chain performs Like its

Die-Lock counterpart, with respect to corrosion resistance,

it wiL1 'oe easier to maintain than the welded nserted stud

chain.



flash welding dies tend to wear causing

the contact area to decrease. These re-

duced areas, in combination with di t and

flash that become embedded in the dies,

tend to cause local hot spots and die

burns. These burn areas wi.ll be very�1!

susceptible to future cracking.

Both of these production process-induced defects could be

avoided if an established equipment maintenance and inspec-

tion procedure is followed. Dyes should be inspected. before

the start of a production run and then per'odically through-

out the process. The frequency of inspection would vary =or

dif erent chain sizes and materials, but it should be selec-

ted so as to ensure that the @rover vressure and contact are

present on the dyes. This requirement might. cut into pro-

duction time, but the benezits that are gained in chain

qua1ity ~~ ll zar outweigh production losses. Even with he

dye inspection, the link surface areas that are gripped by

the dyes should also be inspected for bum marks and indica-

t' on of dye slippage  i.e., grooves, scratches!. iz bum

marks continue after the above procedures are followed, the

possibility of inadequate dye design should be investigated.

D. Lack o+ zusion in the weld one

Incomplete fusion can be caused by insufficien up-

setting force or distance, and also by mfavorable temera-
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100 weld years!, many of the faiLures that occurred were

linked to incompLete fusion. As discussed in Chapter 4,�8!

there aze ways of avoiding this lack of fusion through moni-

toring and sensing devices. Additionally the suggestion of

instantaneously controLLed platen motion c.ould. feasibly

eliminate the unfavorable temperature distribution and. up-

set distance,

Another method that has been successfully implemented

by the rail industz7 was a modification of the flash welding

equipment to ensure adequate upsetting -orce was available

when needed. Quring the production of C'~R for a South

African railway, it was discovered that incomplete fusion

was occuring at the f' ashing surfaces Further invest

gation "evea'ed that the welding machine did not have a

smooth enough transition between flashing and upsetting.

Since the main upsetting actuator operated by means of an

air-hydraulic ''ntensifier unit, it was found tnat there was

insuff' c' ent air in the piping system to act on th.e intensi-

This caused a sl~ ght hesitation in -he appl'ca ion off'er.

the upsett'ng force, resu t'ng in defect fo~ation. The

tuze distribution at t".e weld interface..hese problems have

resulted in some flash-welded anchor chain failures. Simi'az

problems were encountered in the ailwav industry duz ng the

production of their continuous welded rail  C'W! . Fven

though the failure rate for flash-butt welded C'~R was con-

siderably lower than any other method, �. G043 failures per
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problem was alleviated 'oy the installation of an air flask
which was capable of supplying the instantaneous volume of

air required. Various welding machines control the upset-

ting operation by different means, but this part' cular solu-

tion shows the importance of the smooth transition required

between the various stages of the overa11 process.

The Soviet pipe manufacturing i-dustry has also devel-

oped an approach to reduce the ~ount of incomplete fusion

found in flash-butt welded specimens. Researchers at Paton

Welding Institute developed a method of vibrating the work-

piece to help t'.-.e fusion of he interface. Since the
heat or flash welding comes from the impulse flash'ng of

the work pieces as they approach each other, the resea" chers

found they could achieve optimum elec rical resistance by

vibrating the wo kpieces {see rigu e 5. 1! . A servo-control

system automatically regulates the mechanical vibration at

z frequency -nd amplit de that produces a stable circuit

impedance. Tnese cont=ols therefoxe p oduca a uniform heat-

ing of tha workp'ece sur aces. Using th's method, incom-

plete fusion can be great'y red ced, if not eliminated

comp lately.

KAZ Ywcrocrackin defects

Overheating dur'ng -lash-we ding can cause p"oblams

in the. FM, such zs issur~ng at he grain boundaries

These defects are assoc' ated with m~even temperatu e d st"i-
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but'on result.'ng in high temperature regions wh'ch are sus-

ceptible to mic ocracking. Proper controls and quality

assurance can eliminate most oz th.ese defects, and combined

with adequate DDT those that. do occur should be de.tected

before the chain is placed in use. New improved control

methods, such as the instantaneous platen motion. contro1,

result in the ormation of a more. uniform temperature dis-

tribution and also a smaller HAZ. This will result in the

fore, reduce microcracking. A similar result would be

achieved by use of the Soviet welding method discussed in

the previous section.

F. 2'ati~ue failure-

Whether or not fatigue poses a problem 'n U.S.Navy

appl'cations .'s a cuestion that has not been complet ly --

solved. There is general agreement that high cycle fatigue

cannot be a problem with naval ships, but it may pose a
CI 7

sub s tantial prob lem ?or oz f snore oi' ri gs . ' ? os s ibi li ty

exists for low-cycle,h,'gh st ess fatigue cracking to devel-

op ader the proper condi ions. Prov' ded that the chain s

per'odical'y inspected, these zat'gue cracks should oe

readily detectable. Considering that crack ~ nitiation

occurs at a fraction oz the time required =or atigue f=ac-

ture, suffic'ent time should be available to take corrective

action to avo~ d catostrcphic fail~ re

reduction of occurence of overheating conditions and, the e-
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At present, elatively 1' ttLe data. is available per-

taining to fatigue strength of high grade anchor chain,

especially for dimensions greate than 2Q-in. diameter,

Figure 5,2 gives a normalized S - V diagram for 2-in, oil

ig quality chain. This curve also depicts a. predicted SL!

Life for connecting Links for comparison. As stated earlier,

the graph implies that high-cycle fatigue could be a prob-

Lem in offshore rigs but not 'n naval surface ships.

The fatigue life of a weLded chain can be influenced

by several factors. A. study conducted by Rarznas, Sweden

concluded that the fo~ of the 1-'nks and .he surface con-

ditions of the Links can considerably reduce fatigue

strength as corrrpared to the fatigue strength obtained

through conventional fatigue testing methods. Van Helvoirt

 sz! suggests that the preheating before bend'ng the chain

1 nk should be controlled to avoid the fo~ation of ""ip-

ples" at the inside of the Link bends which can act as "a-

tigue-crack initiation sites. By avoidance of these flaws,

and other actors, the fat'gue life of the welded chain can

be approved.

G. Failures due- to wear and abuse

Due to the lack of doc~~entation associated with

mooring failu: s, little info~ation is available as to the

i~act of wear and abuse on. actual chain failure ate. ~~e

U. S. Navy and the regulatory societies have established wear

criteria wh' ch dictates when the chain rust be replaced.
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Guidance is based on overall link diameter changes an.d does

not always consider other parameters. The degree to which

the high, number of breaks that occur' in the irst and second

lengths of chain may be the result of cax'eless handling oZ

the chain when. the anchor is being ho~sed in the hawsepipe.

Buckle considexs operational requirements and gross ss!

overloading of the chain the determining factors in the

frequency of chain failure and not the individual link de-

fects.

Many merchant sh'ps utilize their anchors for maneuve

ing and even stopping, Under these abusive conditions ex-

tremely large stra'ns can be produced in the chain links.

The original cesign did. not anticipate these requirements

and it is unreasonable to expect the chain to perform satis-

factorily when treated in such. a manner. <any of these

co~e cial failures could be avoided =:= the operating per-

sonnel were made better aware of the chain strength. limita-

tions and, also i they were bette indoctrinated in prope"

ship hand'ing pxocedures. When several ships can repor the

failure and loss of three and fou= anchors in a period of

a =ew years, it becomes apparent to the author that some�5!

add'' tional ship handling training is required. :.=-is hi h.

rate of cha'n fai'ure appears to re=lect more upon the ship

chain abuse during handling and. stowage influences the. chain

�<!failu-e rate is even. more vague. Buchanan reports that
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ope ations than on the quality o" the moorings

Chain wear is not always addressed in discussing the

failure of ship moor'ngs. 'Zany cons'der cha'n wea" as ore

the macroscopic crack, growth rate in most metals is driven

by the fourth power of the stress in the member, and.�6!

hence, a relatively small decrease in the links section

modulus can compose very large crack growth rates. The

ability of the chain s eel to resist both fracture and wear

is a function of its mechanical properties, and. in m-ny

cases, these two demands are in direct conflict with each

othe=.

Various types oz wear can take place during a chain's

in-service life ranging from adhesive wear caused by the

mutual rubbing of the links together, to the plou.gh.'ng and

gouging caused by the chain link coming in contact w~ h a

of an indicator than an actual potential chain fault. Com-

mon practice is to use wear read'ngs solely for decisions

on whether a length of chain. needs to be replaced. By the

time the chain is replaced, based on minimum remaining dia-

meter readings, considerable changes may have already

occured in the cha'n's overall strength and quality. ~ost

chains that are removed from service are taken out because

of excessive wear. These wear 1imits were established to

avoid the increasing risk of fracture or excessive dynamic

loads due to the reduced diameter. It should be noted that
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hardened rough surface. Tf sufficiently deep sc=at-hes a, e

worn into areas of the l'nk that are normally under high

stress, greater s t=ess concent ations could be o~ed -«-h' -:".

could lead to crack. initiation and eventual failure. Unde»

ef:ect of the chain' s saltwater environment can result in

substan ial strength and material ' osses.

.~tother area oz chain wear is along the chain link

dges ps ' t passes ove. the ship s fai lead 0 as it en-

counters the anchor windlass eating surzace, Here we are

soyez res =aced wit+ a di5zerence in -aterial propert~ es of

the two surzaces  i. e., hardness} and different wear rates

can occur. Tn these cases, the major d~age sustained by

t. e chain ''s caused by i~~rope ~ating at the w ndlass s. =-

=ace and a so by a snapping/impacting action at the fair-

'ead. :h s partic. lar act'on at the fair ead.: as been

normal loading conditions, when the ship .' s at anchor, the

chain aligns itself such that the heaviest wear occurs at

the link to link interface known as he grip. Within this

area, the ship's motion in response to the induced wave

action causes the links to slide across each. other under

considerably high load, Consider'ng that these. contact areas

are lubricated at best by seawater, and in other cases

lubricated, the wear coefzicients can be relative y high.

The sl'ding distance may not be large, but over a per~ od oz

eire a considerable amount of material can be reraoved frow

the grip areas. Combining this wear with the cor osion
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shot of chain. As the wear progresses, improper it-up can

occur at the wind ass and his in turn can cause ~even

loading and bending of the links . This combination. of

effects must be avoided in order to maintain chain integrity

and. usefulness. Periodic inspections can e iminate most of

these problems when combined with proper handling and stow-

age techniques.

5.2 Procedures to reduce in-service premature- chain

failures

The previous section dealt with identifying various

types of defects that have been known o cause chain fail-

ure. Methods of how to modify the fabrication process to

avoid these defects were discussed, and some conclusions

were dr-wn..ven with the imp-ementation of better manu-

facturing procedures, and more extensive quality assurance,

some chain will be placed in service that may be marginally

acceptable. Th' s chain, or even the best chain, can de-

velop faults and defects from its shipboard environment

 i.e., wear, corrosion, etc.! . in order to maintain chain

quality, an on-going maintenance and inspection procedure

must be followed throughout the c1 a' n's life. Three areas

will be discussed as possible means of ach'eving the goal

of reliable chain. These a"eas are: in-service nspection,

maintenance, and modification. o= materials and machi.".ery

used in mooring sys tems .
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maintenance

e area of chain maintenance is in di=ect opposi-

abuses in handling and stowage discussed eariier.ticn to the

are many types of maintenance that can be applicable to any

sys Eem: . �7!

l. Recurrin maintenance - a, work requirement

that is performed on a scheduled basis to

ensure continuous =eliabil' ty of the equip-

ment.

Preventive maintenance - shipboard servicing

of equipment using p esc" bed procedures

and accomplished at speci ic time inter-

vals. The obj ective of he maio.tenance is

to detect and cor=ect az:y conditions wh'ch

reduce the system's ef=ic'ency.

3. Resto ative maintenance � th. s is a refur-

bisMient evolut on per ormed by the sh'p 's

crew or other maintenance activity in

accordance -ith established guidelines az.d

specificat ons

Correc 've maintenance - 's classified zs

maintenance that is req ired to "esto e the

Tn order to prevent a premature chain failure, .' t is impera-

tive that a good shipboard maintenance program is establish-

ed. Within this general maintenance classification there
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equipment o operating order. These are

unschedu' ed repairs, but a e still per-

ormed using publ'shed technical guidance

All of these tvpes of maintenance play an impor ant

role in ensuring that the proper working conditions or the

system are being ma. ntained.. No longer can corrective main-

tenance be accepted as the only necessary phase. Most

potential problems can be detected and corrected early, and

for this reason all of these areas should be included in the

shipboard mooring system maintenance program.

Of all the maintenance areas, possibly the most impor-

tant one is that of preventive maintenance. The U.S. Navy

has been very successful in reducing equipment failure and

"down-t me" by implementing a rigorous preventive mainten-

ance syste~  PYS! . Over the years, this system has sho~~

its benefits by drast' cally =educ''ng common failures

dif erent equ'pment through the requirements of regula"

periodic maintenance. These maintenance requirements may

entail test operation of the equipment, tolerance readings,

lubrication, pa'nt'ng or simply a. visual inspect' on. A

similar system should be implemented throughout the shipping

incrust~, to ensu=e that the system quality can be maintained.

One of the most important outputs from a system of th.'s type

's the feedback. information that is generated from system

From the document tion of these failures, t nds
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ray be developed. With accm~ulation of sufficient data,

predicted fai'ure rates could be determined o" possible de-

sign changes could be accomplished.

For the particular case of anchor chain maintenance, a

regular schedule should be followed. The following are

suggested areas of possible maintenance action that could

be accomplished during in-service operation. They a e

l! Chain locker - the chain locker shou~ d be prope" ly

cleaned and preserved {painted! prior to cha~n

'nstallation. Any accumulated ~ater, or poten-

tial water sources should be eliminated.

2! Chain installation - ensure tha chain is prcp-

erly prese ved and cured prior to stowage.

sure ch-in is handled and stowed properly,

avoiding undue twisting and ab se.

>ake

3! 0'cerational - check =i -up of chain and wind-

lass, stoppers, pelican hooks, etc. to ensure

that the chain is not being sub i ected to ex-

cessive bending loads. Tnis should be checked

every ti~e the anchor chain is used in a

moor~ ng evo~ ution.

4! Cleanin jPaintin � whenever =easible the anchor

ar anged in chronological order, starting with the installa-

tion of the chain aboard sh'p:
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p res ervative coat app lied. This is s ome t ' mes

d' = cult to acccmp1'sh depending upon the

ship's ope ating schedule, but d ring inport

periods some maintenance can be accomplished.

In this same area it might be possible to have

a thin layer of lubricant applied as the chain

is brought in for stowage, to lessen, the chain

wear and. also corrosion.

During this period the chainpre servat ion.

locker should be preserved. At the time of

re-installation, the ends of the cha'n should

be reversed so as to deve op a more even wear

on the outboard shots of chain, Records

should be maintained of these reversals, and

ove" a period of time various sections of

chain could be. exchanged at the connecting

links to further reduce wear. ~s 's a t, me

consuming evolution, but when accomplished

in conjunction with. other ship repairs, the

moneta~ cost is not that great and no ope=a-

tional t ze is lost.

5! Ove haul - during periods when the ship is

for extended repairs, the anchor chain. could

be scheduled to be removed for cleaning and
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keeping of all preventive maintenance vill benez t, al' con-

cerned. equipment histoz'es vill be e sy to reconstruct

predictions of ant~ cipated failures can avoid catastrophic

results. Tne more preventive maintenance that is regularly

accomplished will be reflected in a large reduction in cox'-

rective maintenance xequired.

3. Enservice ins ection

use

ND'Z has its limitations; certain 'laws can be over-

looked, some technicians lack ezpe ience, and the geometries

oz ce="ain components present particular problems.." .ghe

strength me als require the detec ''on of smaller -n.d smaller

critical crack lengths, hence increasing -he possibi1- ties

oz missing a flaw du ing nspection. Another problem s the

>Many times it is haxd to distinguish between pre-

ventive maintenance and in-serv' ce inspection. Under some

scheduled Pi5 the requirement is to inspect" some aspect

oz the component or system, and usually this is not an in-

depth examination. Usually, if the visual inspection is

satisfactory, the remaining steps can be ignored  i.e., "if

no visual cracks are detected go to step 10"!. Zn order to

maintain a h' ghly reliable anchox chain, regularly scheduled

deta''ed inspections should be conducted. For these reasons

we, have to resort to NDT procedures designed for n-service



initial identificat'on and detec ion of a f~ aw in a Large
area.. If the genera1 a. ea of a possible de=ect can be Local-

ized, there 's a good chance that i" can be ound. by VDT.

Table 5.1 shows some of the many ~VDT techniques and applica-
tions available for use today.

The U.S. Air Force conducted, an evaluation of present-

day DDT reliability and. came up with the following conclus
,,�,  s8!

1! The overall NDT and inspections rel' ability may
be less than anticipated.

2} The assumpt'on that the more formal train ng

received the better the inspector, does not

hold true. Actual studies indicate that once

formal training has progressed beyond a Level

of suffic' ently acquainting the. tester with

the technique and background of the test,

additional training had questionable value.

3! The number o years experience does not seem

to af ect the detection rate. Howeve , poor

performance can be slightly moderated by

experi ence .

4! The neer of times a technician performs 'DDT

within a time rame does t ot effect h's per-

f ordnance .
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.~ azaa of ~ass "ole aaz-. al improvement 'ies in the elimina-

tion of poor inspectors through zecertification procedures

and evaluat'on of pas" pezfo~ance. The h~an fac oz p'ays

a Large role and care must be aken to ensure that the 'ndi-

vidually assigned task is small erough to accomodate the

vigilance required. foz a high degree of flaw detection, while

still proving to be economically feasible. The technicians

must perform monotonous, repetitive work and they must still

be alert to the smallest defect o- flaw. Somehow the mono-

tony of the wozk must be lessened by automated means oz

different testing proceduzes.

1! Eighe ze ' ability and safety of products

2! Lo~er inspection costs

3! Prediction o: -he life cycle. of the. system

or component.

Many engineering projects utilize materials near their

mechanical and thezmodynam c limits which can bring about

catastrophic results if the wrong condit ons are et. The

use of NDT in fie' d operations to screen out fl awed material

befoze additional damage can be incurred s becom=ng

common practice, and this becomes maze important as the

Even with. the aforementioned shortcomings, Nl3T is growing

and is being more widely accepted as an important tool in the

overall effozt to solving in,-service inspection problems.

Three of the main. values oi NDT aze:
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value of the product 'nc=eases..

Me of th.e major problems n. the development of field

ViD is how to determine the "extent of damage" to the area

The solution to this proolem seems tounder investig-tion.

center around the use of computers programmed to app'y

fracture mechanics or othe- scientific methods to analyze

the data obtained through the various VDT. Sy comparing

the data against known standards, they can decide if the de-

ects a e of sufficient character to wa" »t concern for the

reliabil' ty of -'.-.e p=oduct. "he programming is co~~1 x, as

s the theory nvolved, and the lack o zany acceptance,

fieldstandards a'so impedes the rap'd deve' opment of::.is

zs =mor ant tnat other ' nror at on fed to the system,

ln order to obtain meaningful results during one anc' or

cha'n inspection, VDT needs to be expar ded: om simp~ e

measurements to the broader non-destructive evaluation  VDE!

funct' on. lQE also takes into consideration what the measure-

ment means, and is prepared to make a. decision b-sed on the

evaluation. A relationship mmt be developed between a

measurable NDT mater'al characteristic  i.e., crack length!

and. the actual in-service behavior. '~ith gains in. methods

of NDT, mere flaw detection wi1.l not be as important as the

quantitative info~ation obtained, such as size, s'..ape, and

or'entation. By applying these auantitative. values to such

things as fracture mechanics theory, much. useful inf ormation

can be obt,ained..
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'ncluding proj ected oading condi=' ons and environment, so

i" can be anticipated if the present status will deteriorate

the near fu ure. This information is used to make an

estimate of the remaining useful life of the product under

the anticipated conditions.

With the objective of achieving an effective chain in-

spection procedure in mind, the following is suggested as a

possible approach.

Visua1 insgection � quick identification of possible

groblem areas, which narrows down the test a. ea. Since this

requires little cost and manpower, it should be conducted at

every opportune ti.me.

D e enetrant'/ma eti'c tarticle � either of these

methods wo~ld offer a cu' ck check of surface indications

that may have 'oeen detected during visual inspection.

Ultrasonic insgect"'onfrad~ o raghy - these tests could

be used when other NDT methods hav'e suggested that defects

may exist. A. regularly scheduled t:T nspection could prove

very beneficial to proper chain maintenance.

All of these methods could be used in their tradit''onal man-

ner, but several of them have potential for g eat improve-

ment.

The ultrasonic and radiographic combination. of tests

may oz:er he bes" prospect *o future in-se~ce chain. in-

spection procedures, With advances 'n ult=ason' c maging
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could. be poss'b'e ta scan the chain as ' is being ho~ st-

ed aboard, to detect any flaws or defects. A portable

scanning device, such as those deve oped to ''ns-ect ""-' lroad

rails could be used. This would al' ow a single techn '-�9!

cian to scan the chain at a relatively high rate of speed

compa ed to other NDT methods. According to the research

of Thomas and Rose, who developed a UT inspection system�9!

Any auestionable a eas could be checked by radio-

~nis same eau'pment .'s capab e o= monitoring

age.

graphy.

damage in these areas, and detecting any growth o defects

during the service li e o= the cha'n, Development o th's

type of system to inspect chain may = nd di =iculty in

ove" coming the problems posed to UT by the chain link

geometry. These complex geometries cause many erroneous

signals. which. reduce he test methods re'iab~ 1'ty. Size

and cos limitat'ons might also restr-' ct this type of system

from being p emented -board, ship.

for hull plating, the use of high speed. computers and micro-

processors can, -«eatly simplify the problems in evaluatin~

the multitude of data provided by the ZZ sensors. Zf an

area of nterest h-s first been detez-ined, such as the

weld j oint, a microprocessor can be effective in conducting

ul rasonic evaluat'on for work. in t' he f'eld or for ship-

board. use. The system can scan the chain, record pertinent t

data, and determine he complete pictu"e o= the extent of
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Another possib e alternative to th's type of tes-'ng

would be to have an equivalent land-based system that could

conduct periodic chain inspections for the ship. "or use

transit rai' testing vehicle  SRS 802! which was developed

by Sperry to detect flaws 'n rails. This vehicle has�C!

had very good success at a reasonable cost, and it appears

that a s.milar system could be applied to chain inspection.

C. 'Aodification of materials and e ui ment

As discussed earlier, a large major ty of the

mooring system failures appear to occur in areas other than

the flash weld or even the common link. A large number of

connecting links, shackles, and windlasses have failed ".-e-

sulting in major losses. For these reasons, it appears that

the pass bil'ty exists that many of the system components

a homeport environment, this inspection system could be based

on a barge-type operation, whereby the ship being serviced

could accomodate the test facility alongside. This type of

arrangement would allow for the ship's anchor chain to be

conveniently faked-out on the barge's deck for inspection,

without actually removing it compLeteLy from the ship. The

inspection ime could also be. used to clean and preserve the

chain after the UT and radiography was complete. ~aciiities

of this type could maintain chain data for the ship and

could also become actively involved in chain maintenance.

This type of operation would be comparable to an ultrasonic
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are "ot re-'Ly compatible wi: each ot'-.er. Xl t+ e 3 as t, 8 ach

Several articles have been written about anchoring and

mooring equipment, such as by Buckle and some have con-�1!

cent ated on the inadequacy of certain components such. as

anchors  Bruce! . Each article has addressed a particular�2!

point but they all, indicate that the anchoring equipment

must be treated as a system. A good numoer of sm>ps ''n

serv' e today do not have systems that were designed or

them, but have merely acqu. red stock items which. appeared

be adequate for the ship's tonnage and gross character'st cs.

Many of the failures that, have occured may have been avoided

had this not been the case. Some designs of fairleads are

inadequate and cause undue bending in the chain, ~~le ce

tain stoppe" designs put undue stress on the cha'n links,

An ezfort should be made to determine these shortcomings in

design, and o take correct've action to replace o- upg ade

equipment to the propez. standards. Highe moori. g sys em

reliability can be obtained hrough these ez=orts than could

time a zailure occurred, the particular element that failed

was investigated and some conclus on was drawn. Since the

Links, shackles, and connectors are all parts of the whole

anchoring sys tern, any failure should be analyzed as a sys t m

failure to dete~ne what zactors may have. cont=ibuted to the

situation. With proper documentation o these failures, it

is possible to determine what parts of the system have to

be modified in order to have a more reliable state.
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be expected to be achieved through better chain manufactur-

ing procedures. Both areas can of=er some improvement, but

by f ar the s i z ao le gains 1i e v= th t'ne improvement of the

deck gear connecting and handling apparatus.
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6. Conclusions and Recommendaticns

An attempt was made to review the historical develop-

ments "hat took place which have a' 'owed ~s to reach. our

cur ent state of technical knowledge in anch,or chain manu-

facturing. Much has been learned from past exper' ence, but

m~y questions pertaining to the complexities of anchor

chain stresses, geometry and. loading conditions have yet to

be answered. 'Zany of the flash-butt welded anchor chain

fabrication parameters have been identified and the rela-

tive importance of their influence on weld and chain qual' ty

has been discussed. The interactions of these variables is

quite complex, and the t~e impact of an individual pa a-

meter change is very difficult, if not impossible to deter-

be investigated =urther, sa hat an optimum method can be

mine, Various researchers have developed equa.tions ~hich

describe the interactions of a "ew parameters  i.e., flash.-

ing Darameter!, but cu" ently no simple equation ex'sts that

relates all the production variables. Because of hese

shortcomings, each phase of the chain fabrication process

is usually studied separately, thereby avoiding dealing with

the unce- a-nty of the t=ans't on areas between phases

 i. e., =lashing to upsetting!, Zn order to better control

and mderstand these pa deters, the system mus- be st' died

as a who1e so tha.t the real influence of variatior s of para-

meters can be learned. The area. of platen mot~ on needs to



developed -oz control this -ot=on

emperature v-ziations could be caused by over simpli-

-"ication of the model and by neglec ing the azc'ng heating

effect that is present at he zeal interface. All the

curves followed the propez tzen"s that were expected,

to be dominated bv the ins antaneousthe hermal decay seems

distance from the interface more in the model than in zeal

~.other very influential factor s the -atezial'se.

herbal diz usivi-.y which. could have considerable vaziat' on

A,iso, the timew' thin the "emperature zange being studied

interva over which the tempezat ~ze ' s zev.' ewed, great

fluences the outcome of the tempezat e prof' e. Any fu ther

investigations 'n this area should concentrate cn . pgzading

The solution to the heat low prob 1 m n the we ' ding oz

anchor chain was model' ed as an instantaneously applied heat

source. All surface, losses  convection and radiation! were

' gnored ''n an effort to develop a simplified model.:he

test runs that were conducted using a linear flashing pat-

tern showed. good correlation with available experimental

data, except at 'azge distances from the weld interface.

At these larger distances the computer genezated tempera-

tures were considerably lower -han "he expe imental val es,

The results from the pa abolic flashing pattern showed

larger temperature differentials fz m those obtained rzom

laboratory data than from the 1'near model.



the model to bette re 'ect the "eal con"itions present

ing flashing. The model may become qui e involved, but the

results would t en much better approach the experimental

values,

In the s arne light they cannot b etasks that are required,

relied upon to do the ent~ re task o= monitoring and control.

The only wey to acnieve consistently good quality welded

anchor chain, 's to ersure hat quality control standards

are high and maintained throughout the manufacturing pro-

cess, Mon toring and control systems should be used as a

Tn-process sensing and control appears to be the solu-

tion to many of the shortcomings of the manufacturing pro-

cess. The chain's overall quality is greatly effected by

small, fast changes in certain parameters. Many recent in-

vest'gations in particular have establ'shed requirements ror

very stringent platen motion. control. The only way to

effectively deal with these conditions is by integrating

the system to computer control. The chain, manufacturing

base must be modernized by bringing in more state.of the

art technology. Engineers and manufacturers must be able to

keep an open mind to innovation, ard to follow through 'n

implement'ng mprovements that .mll ultima ely integrate

we' ding and other = nc iors into computer based manufactur-

ing. Tt must be realized that cortrol and monitoring devices

are not fai -proof, and that they cannot accomplish all
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back-up system to an al"eady well established engineering

base.

.!any advances have been made in recent yea"s in the

development of rel' able ViDE. Rapidly developing compute

Non-destruct> ve evaluation has been success=ully

applied to many areas of manufacturing, such. as the t~ze,

aircraft, steel, and medical technology industries. ~t s

easonable to assume. chat it could also be compatible with.

the welded chain industry. There are still many short-

comings, and, much research. and development is s-. 11 "e-

quired ta produce a versatile system. ~he =ol awi"g a=eas

o become ~are wide' yare in need af improvement if '.iDE is

technology, as well as advances in fracture mechanics

analysis, have brought about, remarkable results in material

evaluation. Same o f the current exis ting technology has

been presented to show what automat'ed means are available

to industry, and how they may be adapted to field in-ser-~ice

inspections. With escalating raw material costs and. large

capital investments into some production methods, t is

essential that NDK be further developed and imp' emented so

that these materials are not was ed, One of the maj or needs

of NDE is the developm nt of reliable standards which, can be

used far data comparison, Without good standa ds, the most

sophisticated computer and ana ysis system '' s wo"thless =or

making predictions md. evaluat'' ons . of material.
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accevted., and ace' rate. enough to perform he tasks =e-

quir ed:

Detec ion oz corrosion beneath paint ~md

othe- coat in gs .

Improved ultrasonic imaging

Measurement of residual stresses below the

materials sur f ace.

Detection of an evaluation of defects in

complex geometric shapes, such as those

encountered at the stud junction in a chain

link.

It would also be ve~ useful to determine mechanical prover-

t'es of materials Dy i>DE, such as tens'le, yield, and

fracture strengths, as well as ductil~ ty an.d f acture tough-

ness. To do this would require the cavability to detect pre-

yield dislocation motion, res dua.l stress, zrain size, shave

and distribution of 'nclusicns in. the material. At present,

this evaluation is beyond, the capabilities of even the most

sophisticated testing procedures so za. developed.

Ever though. there ha.s been a great trend toward the

automation of HDE, we are s 'll. very much dependent upon

human in ervretation of the test results. It is still di:-

f~ cult to identizy good techn~ ciars, train them and have them

perfo~ well under certain cond' tions . ~ore t~ me should be
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spent ~ n developing these inspect on traits s'nce. Ven with

the possibility that much of the inspection of the future

will 'oe conducted by machinery, there w.' '1 always be z -.eed

for a good technician to make a final evaluation 'n speciz

All the quality and. re' iability that is ou' lt into

anchor chain can be rapidly degraded if t.,e chain is not

."or th's reason, it is essential thatproperly ma ntained.

al'1 chain be regular'y cleaned and refinished to reduce the

corrosive action of a sea environment. n combinzti n w'

this maintenance, other inspections should be conducted to

ensure tha the chain is not oeing overly stra=ned or s e-

jected to excessive wear condit' ons. Handling and s owage

of a .char chain inflict some damage and these areas should

be further invest'gated. Many VDT methods were. c' ted as

possib e methods of conducting chz'n inspections, but =:.'e' d

situat'' ons . These inspectors. need more training than me e-

ly being able to perform VELDT, since interpretation of the

data 's the most important factor in. iVE. A good under-

standing of material properties and theory is essential in

being ab' e to make an evaluation as to the. service life ex-

pectancy or economic repair value of a materia . NOE has

its shortcomings, especially when faced with parts havi .g

complex geometries, and it may not answer all the mater~ al

auestions that exist, but it is making studies in the right

direction.



examination 's still a ve~ di=ficult task which produces

results that show wide .anges of values.

within the area of chain maintenance should be incluced

a11 the associated equipment, such as the anchor -'ndlass

and controls. Since all these parts work together to pro-

duce the ship's mooring system, it is imperative that they

function correctly together. Failure reports have shown

that windlass and connecting 1'nk zailures have resulted in

the majority of mooring failures, so concentration on the

maintenance of these components could be quite beneficial.

The system analysis approach must be applied to solving

failure problems. Looking at improving the qual'ty oz the

anchor chain does very little if the main fault is within

the connect ' ng links or shackles .

Further studies should be conducted to investigate the

interactions between cha n, windlass, fa' "' ead, anchor and

other components. Dynamic load'ng models should be deve' op-

ed to study the actual loading conditions of the chain.

Stress concentration locations should be identi=ied in con-

nec ing 1'nks, and either eliminated or redesi=ned. The

system must work properly as a whole, and the remaining com-

ponents reliab lity must approach that of the chain. No

gains can be made by' improving welded cha'n link quality

the system wi11 st' ll fail due to another weak component.
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APPENDIX A

Main He@.t Conduction P' ro ram



PRCGsVA /ah.TCON
t

FLASKBUTT WELDING HEA FLQV HODELING PROGRAM

THIS PROGRAH IS AH ANALYTICAL SOLUTIOH QF THK HEAT CONDUCTION
PROCESS QCCURING IN FLASH-BUTT '~ED ANCHOR CHAIN. THZ HEATING Of
THK ABUTTING SURFACES IS NQD~ AS AN IHSTANTANEOUSLY APPLIED PLA-
NAR HEAT SOURCK, MOVING AT COHSTAHT VELOCITY QR CONSTANT ACCELERA-
TION. NA~IAL PROPERTIES ARE CONSIDERED CONSTANT OVER THE ~rWE~-
TURK RANCK QF THE WELDING PROCESS�500-2S00F! .

10

20

C
25

C

C
30

C

C
35

C
40

C

C
45

COMMON/CONST/U, TD, PI, G,FINAL,X�00!, I, J, TINE�0000!, T �0!,D �0!,DI
D INENS ION TE%' �0000!
EXTERNAL FCTL
~NAL FCTP
INTEGER QQ
ST = 0.
G = 0.
U=0.
XN =0.
RHO = 0.
CK=O.
C=O,
START TINK ST! FOR THE FLASHING IS ALWhYS TAKEÃ AS ZWQ SECONDS

WRITE  8, 10!

FORMAT�X, 'ENTER 0 IF LIH~ FLING PhrrrRN IS
1DESIRW',/,5X, ':"NTHL 1 IF h PARABOLIC FLASHING Ph~r. H IS
1DESI~',/,25X, 'FOR!KAT FOR INPUT IS  I1! '!/!

READ  $20! r ND
FQruV.T  I1!
IF IND.EQ.1! GO TO 35
WRITE �,25!

FORD��X, 'ENM CONSTANT VZ.OCIr f U  IN/SEC!  F6. 3! '//!

�, 30! U

FQRVAT  F8. 3!

GO TO 48

WRITE  8, 40!

FQRHAT�x, 'ENTrR cQNsTANT Acc~ ~TIQH G  IH/sEc~i2!  F8,3! '//!

READ �. 4$! G

. ORN>r  F6.3!



C
48

C
56

C

WRITE �, 56!

FORHAT<5X ~ 'ENTZR 10 TUG'. VALUES DEG F!! �0F6.0! ',//!

RZAD�,57! <T I!, I= 1, 10!

FORMAT�0F6.0!

WRITE�,58!

FORXAT�X, 'EM~i 10 TEKrW!L DIFFUSTVITIES IN~~2/SEC! �0F5. 3! ',//!

READ S.SO!  D<I!, I=i,10!

FOR�AT �0F5. 3!

WRITE �, 60!

C
57

C

C
58

C

C
$9

C

C 60 FORM>T  X, 'KN~ TK4IPDtATURK PARA!4ETZtS: ', /, 15X, 'TI = NA~gIAL
1 INIT~ TKMP~TURE DKG<F!! ',/,15X. 'T!4 = XELTING ~i= ~TIRE OF
2 NA~iIAL DKG  F!!,/,15X. 'INPUT IN FORNAT�FB.2! '//!

READ�,65! TI. TN

FORHAT�F8.2!
CALCULATE is%'ESTURE DIFFERENCE BET'!!tEEÃ INITIAL AND IN~FACE.

TD =  Dt � TI!

C
65

C C

C
WR TE�, 69!

C
69 FORh{AT{ X, 'ChbxION!!!,,FINAL/$~<W NEST BE ~S i~92I 10000'll!

C
WRIT �,70!

RrrD<5 75! FINAL STEo

7$ F QRhtAT �F6. 3!

CQ = <FINAL/S EP!

WRITE <6, B0!

C
70 FQRKAT<5X. KNUB TI+:" PARAMETERS: ',/.15X, FINAL = MAX TINE FROH

START OF EMOTING <SEC! ', /, 15X, 'SWM=TINE INCREMENT OF IN~EST
2  SEC! ',/, 15X, ' INPUT IN FORNAT �F6. 3! '/l!.
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BO FORNAT�X, 'KHTKt FIELD SIZE ?ALVKTKRS: ',/, 15X, 'NN = h>MBM QF
1DATA POINTS ALONG X-hXIS'./, 15X, 'XH=IHZTZAL POINT QF INTPKST
2 ALONG X-AXIS HZH XH = .01  IH!! ',/,15X. 'XS~i = DISTANCE IH-
3CRK'4EHT  ZN! ', /, 15X, 'INPUT IN FCRHAT Z3, 2Fd. 3! '//!

C
READ �, 85! NH, XH, XSTEP

FORMAT Z3 ~ 2Fd. 3!85
C

WRITE �0, 90!
C

WRITE  d, 90!

C 90 FORMAT�X. 'ANALYTICAL SQLUTZOH QF h FLASH-BUTT ~KD ANCHOR
1 CHAIN HEAT CQHDUCTZOH', l, 1X, 'PROB~. THK fKAT SOURCE WILI. BK
2 MQDKLKD AS A PLANAR, NQVING, INSTANTANEOUSLY ', /, 1X, 'APPLIED
3 SOURCE. DIFFUSIVITY IS INTERPOLATED FQR ACTUAL TEMPERATURE'//!

IF IND.KQ.1! GO TO 100

WRITE �0, 95!

WRITE  d. 95!
C

95 FORMAT SX, 'THIS V7iiT !S BASK UPQH A LINKAR FrHING
2PA~H  CONSTAHT VELOCITY ',/, 1X. 'PLATEN MOTION! hEAT SO'JRCK, '
2////!

C 'I

GQ TO 110
C

200
C

WR ITK �0, 105!

'WITE.  d, 105!

WRITE�0, 115! U, C. FINAL,

WRITE �, 1'5! U, G, FINAL. S.E?
C

215 FQR.'VLT �X. '~ING PARANK~:, /l. 15X, ' CONSTANT V~CI~s. U='
1,1X,F6.3. 1X, 'IH/SKC',//,15X, 'CONSTANT ACCT ~TIQH G='. 1X,Fd. 3,
21X, 'ZN/SKC>+2',//,25X, PXZHUH T!MK CONSIDKRK  FZVAL!=',2X,
3F5.3,1X, ' KC. ',//, 15X, 'TIE STZP INCREMENTS  SiM!=', 1X,Fd.3, 1X,
C SKC.'////!

C
105

2
C

110
C

FOR~AT�X. '~AIS OUTPUT IS BASED UPON A PAPABQLIC FLASHING
Phi.:MN   CONSTANT ',/, 1X, 'ACCKLKPATIQN P' EYKN NOTION! ~~T
SOURCE.'////!
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WRITE �0, 120! TI ~ TM

WRITE  d, 120! TZ, TM
120 FORMAT �X ~ 'Mh~iIAL PROPERTIES: ', //, 15X, ' INITIAL TEA'~i JRZ

1 TZ! =',1X,F8.2, 1X. 'DEG F! './/,15X, 'MEL INC TEMPERATURE TM!=',
21X, F8. 2, 1X, 'DEC  F! /////!

WRITE �0, 125! NN, XN. XSTEP

WRZTE  d, 125! NN, XN, XS'i'

WRITE�0, 132!    T Z!,D  I! !, I=1, 10!

WRI:"  d, 132!    T  Z!, D  I! !, 1=1, 10!

FORD��QX,F5.0,20X,F5,3,/!

WRITE�0,135!

WRITE �, 135!

C
132

C

C
135

C
FORMAT�5X, '~c. ~TURK DISTRIBUTION QUiPUT',///!
92

WRITE  d, 140!

WRITE �0, 140!
C

140 FORMAT�5X, 'X = INSTANTANEOUS DISTANCE FROM FLASHING
INmVACE:,///!

125 FORMAT�X, 'FIELD SIZE PA'lhÃE~: './//,15X, 'NUMBERS OF X-AXIS
1DATA POINTS  NN! =',1X, I3,//,15X. 'INITIAL DISTANCE FROM W~~
2ZNTERFhCK  XN! ~', 1X,F5.3, 1X, ' INCHES',//, 15X, 'DISTANCE INCREMENT
3  XSTEP! =', 1X, Fd. 3, 1X, ?NCHES '/////!

C
C IN"iihCTZVE DATh INPUT IS COMPLETED
C
C BEGIN 'iiRMAL CALCULATIONS
C
C 84 ~ '0++++%4f 8448m ~MAL DIFr~IVITY=D ZNee2/SEC! ea~~eiee~**~~isii
C
C
C

127 WRITE �0, 130!
C

WRITE �, 130!
C

130 FORMAT�X, '~i%'VLhTURE F! ',5X, 'THERhViL DIFFUSIVITY'//!
C



TINE�! = 0.

P! = 3.14159

145 DD 200 I = 1, NN

X I! = XM ~  I-1!+CCSTEP!

DO 150 J =2, gQ

147
C

C
150

C
153

C

C
150

TD=TI

TINE J! - "TTNE J-1! ~ STEP

D! = D�!

TEN? {1! = TI

IF IHD.EQ. 1! GO TD 150

CALL IHTG   TINK J-1! !,  TINK J! !, FCTL, THETA!

GO TD 155

CALL INTG {TINK J-1! !,  TINE J! !,FCT?, THETA!

TZH J! = T"-RP J-1! t TATA

Iv  -.~~ J!!,GT.Wi! TKm J! = TX

IF  X I!! .EQ.0.! ~c.  J! = TM

TC = T~ J!

Aa = A3S TC-TO!

!F4' .LT. 5.!GD TO 160

TA =  TD + TC! /2,

TD = TC

D I = FILL!M {Th, T, D, 10!

QD TD 147

CDNTIKJE



OS

WRITE{10 1dd!  X  !!

ITi E e,iaS!  X I!!

WRITE  d, 170!

FORMAT�5X, '  TIME!, dX. '  TEMP! '!

WRI.E�0,175!   TIME J! . ~ J!! . J =QQ,AtD

WRIrZ d, 175!   TIME J!, TEMP J! !, J =QQ. QQ3

F ORMhT �5X, F 5 . 3, 2X, E12 . 5, ///!

WRITE �0, 180!

WRITE  d, 180!

FORMAT�X, 19  '+ew< '!, //!

C
170

C

C
175

C

C
180

C
C

200
C

COHTI%%Z

ITZ  0,210!

WRI ri'.  d, 210!

FORMT�X, ':RP~rv'RE OUTPUT IS COMPLETE' !

STOP

C
210

C
250

C

FU7lCTIOH: CWr  T?RI!

COMMON!CONST/U, .D, PI, 0 ~ F IHAI..X�00!, I, J, TIME �0000!, T �0!, D �0!, DI
Ci = 0.5egl ~ TD!/SORT PI e DI!

C2 = SQBT FIHAI. - TPRI!

C4 =�. iDI>  FIHAL-TPRI! !

id5 FORMAT�5X, 'IHSTANTAHEOUS DISTAÃCE FROM IHTZRFhCZ=',Fb.3,
13X, ' IHCHES ',//!

C
WRITE �0, 170!

C
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C3=-    X   I! ! +    U/2. !»  F INAL- . PRI! ! !»»2/C4

ZF  C3.LT.-1130.! GQ TO 10

FCTL = EXP  C3! ! *C1/C2

RK'iiRH

10 FCTL= 0.0

FUNCTION FCTP  T?RI!

COHNON/CONST/U, TD, PI, G, FINAL,X�00!, I, J, TIKE�0000!, 7�0!, D �0!, DI

C4 = 0. 5« G» TD!/SCjRT PZ«DZ!

C5= TPRZ/SCRT FINAL - TPR !

C8=-      X  I! ! ~    G/4. ! «   FINAL�«»2! �  TPRI «»2! ! ! ! ««2!
C7" -�. ! «0 I»  F I NAL- TPRI!
CS=C5/C7

1F   CS.LT. -180.! GQ TO 10

."CTP =  iXP C8!!«CS«C4

R:i JRN

10 FCTP = 0.0

RE~JRH

FUNCTION FILJ.ZN CC,AB,OR, NQ!

FZLLIH»»» PARARDLZC INicCPOLATZDN

FIVi'S Y X! FROM h TABL" OF AB N! AND DR N! CONTAINING

VO ?QI1PiS.



2~ 0

IF  X-AB �! ! 1,3,2

Y=GR �!

GO TO 99

Y=ANTRA AB l!,AB�!,AB�! .X. OR�!,OR �!,OR�! !

GO TD 99

IF CC-AS{2! ! 1,0, 5

YMR �!

GO TO 99

DO 7 I=3, HO

C
3

C

C
1

C

C
2

C
S

C

C
5

C
M=I

! F  X-AS  I! ! 8, 9, 7

Y=GR  I!

GO TO 99

CONTZNUK

Y=AN RA  AB  H-2!,AS  M-l!,AB  M!,X ~ 0 -2!, LR  M-l!, OR  M! !

F IIJ.IN= Y

RK ~RN

C
9

C

C
7

C

C
99

C

D INENSION AS  NO!, OR  NO!
ANTRA X1,X2,X3,X, Yl. Y2, Y3! =Yl<  X-X2! 4  X-X3! j  X1-X2! + {Xl-X3! ! ~

1 Y2<  X-Xl! ~  X-X3!!    X2-Xl! 4  X2-X3! ! ~ Y3w  X-Xl! w  X-X2! j    X3-Xl ! i
2 {X3-X2! !

C



211

Zete x'ation S'ubroutine



SUBROUTINE IN C Si, "INT.FCT HETA!

. URPOSE:
TQ COMPUTE THE INT GRAL  FCT TIME!! SUM?lED OVER TIME FROM TrK

INITIATION QF FLASHING TO THE FINAL TIME, AT VARIOUS X-AXIS LOCATIONS.

USAGE.'
CALL I NTG  ST. F INT, F CT. THETA!
PARAME'aiR FUNCTION REQUIRES AN ~NAL STATrMNT.

DESCRIPTION OF PARA?lETKRS:
ST=LOWKR TIME OF THK INTERVAL
FINT~PER TIME OF TER INTERVAL T-PRIME!
FCTtNAME QF THE ~iNAL RiNCTZON SUBPROGRAM USiZ
THETA=TEMP~TURE DIFFERENCE AT PARTICULAR  TIME AND LOChTIGN

METHOD.
EVALUATION IS DONE BY MEANS OF h 10-POINT GhUSS QUADRATUPE FORMULA
WHICH INT CRA~i POL.HOMIALS UP TO DECRE. '9 ~C.LY

ttttttttttttttttttttttttttttttttttttttt*ttttttttttttttttttttttttttttttt

h = .5t FZNT + ST!

B =  FINT - ST!

. 4889533 t B

TcZTA = .03333587t FCT h E! FCT h-E!!

E = .4325317 t B

h, = TATA - . 07472587  FCT  A E! FC  h-E! !

K = .3397048 t B

THETA = 'iiETA . 1095432 t FCT A~E! + FC  A-E!!

K = ,2188977 t B

TATA = TATA + .1348334 t FCTWE! + FCT h-E!!

E = .07443717 e B

A = B t  irKTA ~ .1477521t FCT A~E! ~ FCT h-E!!!

RETURN

END
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Sazrp~e Program Output



2'4

ANALYTICAL SOLUTION OF h FLASH-BUTT WKLDED ANCHOR PLAIN HEAT COHDUC ~ OH
PROBLEM ~i HEAT SOURCE 4ILL BE MODErrD AS h PLANAR VOVIVG, NSTANTAHFOU;
APPLIED SQURC.. DIFFUSIVIt Y IS ZH~POLATKD ..OR hCTUAL TEMP~TURK

THIS OUTPUT IS BASED UPON A PARABOLIC FLASiiIHG PATTERN   COHSTANT
ACCKLKRATION PLATEN HQTION! HZAT SOURCE.

WELSHING PARAM~S

CONSTANT VELOCITY U= 0,000 IN/SKC

CONSTANT ACCELERATION G= 0.020 IN/SEC>+2

MAXIMUM TIME CONSIDERED  FINAL! = 9. 490 SKC.

TIME STEP INCREMENTS  S~i~! = 0.010 SKC.

MA~IAL PROPWTIKS

INITIAL Tr%'VA'xiRK T!! = 400,00 DEC . !

MELTING T:"WERATURK TM! = 2750. 00 DEG  F!

FIv~> S ZK PARAME~

NUMB' OF X-AXIS DATA POINTS  NH! = 1

INITIAL DISTANCE FROM 'I~ IN~FACE  XH! = 0.150 INC:-ZS

DISTANCE INCREMENT  XSiM! = 0. 000 IHC:-mS

TBG'~ a JRE  F! ir~ DIFFUSIVITY

80. 0.025



441 . 0. 019

801. 0. 014

0. 0091151.

0.0051341.

0.0031385.

0.0061431.

0. 0091701.

0.0112061.

0.0142750.

TE!tPERATURE DISTRIBUTION OVii'UT

X = INSihNThNEOUS DISTANCE FROM FLASHIHC IHTKRFhCK

INSTANThÃKGUS DISThÃCK i'ROM IN~~'hCE= 0, 150 IHCiZS

 TIME!  TiP!
9.480 0.16045K~04

0 %0'0 l 8484 92 0 SI'0 '0 48 0S 04 t 0If48 C8S 0 f 92 04'0 921 %0 00'0 92 l 0' ~ 0 51 40 i 04 92 f4 0 +48 0 0 0 0 092 4% 0 0 0 R s l

awvP~'siK O~iUi IS COMPLETE



ANALYTICAL SOLUTION OF A . LASH-RUTT 'HELD'! ANCHOR ~RAIN HEAT CONDUCTICN
PROR~ . ~ HEAT SOURCE ~ILL RE MODELED AS A PLANAR, MOVING, INSTANTABEOU
APPLIED SOURCE. DIFFUSZVI Y IS INTERPOLATED FOR ACTUAL ~MPKRATURE

THIS CIVTP'JT IS BASED UPON h PARABOLIC FLASHING PA~N   CONSTANT
ACCELERATION PLATEN MOTION! HEAT SOURCE.

WELD ING PARAMETER

CONSTANT VELOCITY U= 0.000 IN/SEC

CONSTANT ACCZLGLATIQN G= 0. 020 IN/SECw<2

MAXIMUM TIME CONSIDERED  FINAL!= 9.490 SZC,

TIME S'i' INCREMENTS  STEP! = 0.010 SEC.

MATERIAL PROPERTIES

INITIAL TEMPVthTURZ TI! = 800. 00 DKG F!

MELTING %4P~TURE  TM! = 2750, 00 DEG  F!

FIELD SrZ~ PARAMK

NUMRER OF X-AXIS DATA POINTS  NN!

INITIAL DISTANCK FROM YELL IN~xACZ  XN! = 0. 150 INC S

DISTANCE INCREMENT  XSTV!= 0.000 INC!M

TZ!4P~TURZ  F! THERMAL DIFr US VP'~~.

80. 0,02S



2'

0. 019

0.024802.

0.00922152.

0.0051341.

0.003

0.008

0.009

2385.

1432.

'.702 .

0.0222051.

2750. 0.014

TE%'GtATURK DISTRIHUTION OUTPUT

X = INSTANTANEOUS DISTANCK FROM F'LASRIHC INTERFACK

IHSTAHTAAKOUS DISThNC rBOj4 IHTZRFhCZ= 0.2SO INCHES

 TINK!  TLAP!
9.480 0.26183E~04

XP~CA. 'RK K~~. IS CORPLETK

0920'l 0'l0 t4S 0 S4 0 t 0 40$44%R%$% Q $844$4 44$544%444$ ~ 0 8 $44 $S 1 0$C $C 4t444R4 0 44 0 S 0 0 i 0 gl



ANALYTICAL SOLUTION OF A FLASH-BUTT ' KLDED ANCHOR CHAIN HEAT CONDUCTION
?ROBLEN. 'i' HEAT SCURCE WILL BK MGDErrD AS h Pr~ VDV NG INSTANTANKOU
APPLIED SOURCE. DIFFUSIVITY IS INTERPOLAR~ FOR ACTUAL T %' tA'siRE

THIS CIUTPUT IS BASED UPON A PARABOLIC FLhSHINC PA~N   CONSTANT
ACCT~ZION PLATEN NOTION! HEAT SOURCK.�

WELD ING PAKVKTERS

CONSTANT VELOCITY U=' 0. 000 IN/SKC

CONSTANT ACCELERATION C= 0. 020 IN/SEC+~2

KAXIMUM TINK CONSIDERED  FINAL! = Q. 490 SKC.

TINE STEP INCREVENTS  ST ! = 0,010 SKC.

MATERIAL PROPERTIES

INZTIAL TEMPERATURE TI! = 1550.00 DKQ F!

NELTINO twVPERATURE TN! = 2750. 00 DEG  F!

FIKrr! SIZE PARANE~S

NUMB' OF' X-AXIS DATA POINTS  NN! = 10

INITIAL DISTANCE FROR WELD IN~FACE  XN! = 0, 050 INCUS

DISTANCE INCK~VT CCS~>! = 0, 050 INCUS

TKVP VA&i'RE  F! 2~%lL DIFFUSIVITY

80. 0.025
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441. 0. 019

801.

1151. 0.009

1341. 0.005

1385, 0.003

1431.

1101. O. OOQ

2051.

O.O142750 .

TKMP~1iRK DISTR!BUT!ON OUTPUT

X = INSThNTANKOUS DISTANCE FROM ELASrIZHG INTKRFhC=

INSTANTANEOUS DISTANCK FROM TX~hCZ= 0.050 TNCHKS

 TI>K!  T~%'!
9.4SO 0.27500K~04

4 0 0 4 0 0 0 0 0 0 0 t 0 + 0 0 4 0 4 0 0 0 0 0 0 0 0 0 0 t 0 0 0 I 0 4 0 0 0 0 0 0 0 0 0 0 0 0 4 92 l 0 0 8 8 0 '5 0 4 0 0 0 '0 4 0 4 0 0 I 8 0 s i 0 i s

THSThHThNEOUS D!SihNCK FROM IÃ~hCZ= 0,10O THCHKS

 T! MK!  TKMP!
9,480 0,23391K+04
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INSTANTANEOUS D ISTAHCZ ~ ROM INTBLFAC = 0 . 1 80 INCUS

<-"IME!  me!
9. 480 0. 2Q339Z~04

f 4 444 484f t ti 8 0'81444%$445$4408$00f 04444 4414 I4044404t44 4444 4 %f 4 44044 4t i 4

IHSTANTANZLXJS DISTANCE FROM INTZRFACK= 0.200 INCHES

 TIME!  TE%'!
9,480 0.18522Z-04

INSTANTANEOUS DISTANCK FROM IN~ca ACE= 0.250 INCUS

 TIMZ!  TEMP!
9.480 0. 1T53SZ~04

eeeesesessseeaeyeasssssasaevssxeaefsatessaseeseeeseasxmssesv*seeassesasseass

INSTAHTAHEQUS DISTANCE ." RO'M IN~i= ACZ= G. 300 INCUS

 TIMZ!  ~r }
9.48Q 0.10912K~04

04l040048 1 84 4844 0'4l44l44%40004924 148m>l4444 0444000 84448 ~ I ~ $84 $084$ t 1 44 008 t0 tr0

INSTANTANZOUS DISTANCE FROM IH~rFACZ= 0.350 INCUS

 TIME!  M%'!

84 ~ 54 444 T4 4%l'0'4l444 408S 0 0 ell4 l44 ~ 440%0af iC41 0 l ~ i%92 0 ~ I ~ ls Otlf l1 4% s ae S44 ta I 92ma



9.480 0.1MIOK~04

~ eeete ~ eeeeetaeteaeteaeaee'aeeeeeeaeeeeeeeeeaeteeeeeeeteeeeeateeaeteaatttaaaa

INSTANTANEOUS DISTANCR FROM INTERFACE= 0.400 INCHES

 TIME!  TEMP!
9.480 0,16078K+04

eaeeeeeeeeeeeeeeeeeeeeeeee*eeeeeeeeeeeeeeeeeeeeeet*ca*aeeeeeeeeeeeteeeaaaaea

INSTANTANEOUS DISTANCE FROM INTiZFACE= 0.450 !NQKS

 TIME!  TE%'!
9.480 0.15882K~04

ee'eteeeeeeeeeeeeeeeeeeeteeeeeee'eeeeeeeeeeeeeeeaeaaaeeete'eeeeeeeaee ~ aeeaeaee

INSTANTANEOUS DISTANCE FRQl4 INTERFACE= 0.500 IN&AS

 . IME!  ~P!
9.480 0.15721E+04

eeteeteaeaeatteeaeaaeeeeteteeeeeateeeeeaaateeeeeateeeeeaeeeeetaetteetttetaat

TEM~~iZ OUTPUT IS COMPLKT



AHALYTI C 4 SOLUTION OF h FLASH-~i 'VKZED ANCROR CHAIN HEAT CONDUCTION
PROBLEM. 'iiK :~T SOURCE VILL BE NOD~ AS h P~~thR, NOVA'NG, INSYAPfTANEi U
APPL W SOLRCK, DIFFrU'SiVI Y iS INiiRPQLAiiD FOR hC.UAL W%'~'<ARE

THIS OUTPUT IS BASED UPON h LINEAR r~~ING Ph~ii H  CONSTANT VEI.QCITY
PLhi N NOTIOH! !iEAT SOURCE.

VELD IHG PARAMK~zS

CONSTANT VELOCITY U= O. 144 IÃ/SKC

CONSTANT AC ~TION C= O.OQQ IN/SEC ~ i2

<AXINUM TINK CONSIDERED  FINAL! = 5.250 SKC.

TINE SiiP IHCRKNEHTS  STi ~!= 0.010 SEC.

kA~IAL PROPERTIES

INITIAL TKNPKRATURE  TI! = l550 00 DEC  F!

~~TING T" kP~RATURE  TM! = 2750. 00 DEG  F!

FI~ SIZZ PPRh4fE~i ~ S

NUNBER OF X-AXIS DATA POINTS  NH! = iQ

IHITIAL DISTANCE PRON VEU3 INTERFACE  XH! = 0.050 IHC:-Z.S

DISTANCE INCR~%EH  XS sZ! = Q. 050 INCHES

scRP~iiiRE F! ~i. NAL DIFFrSTVIi f

0.02580.



223

0.019

801. 0.014

1161. 0,009

1341. 0.005

1385. 0.003

1431. 0.005

0.0091701.

2001. 0.011

2750. 0.014

TK%'KRATURE DISTRIBUTION OUTPUT

X = INSTANTANEOUS DISTANCE FROM FLASHINQ IN~xFACZ

INSTANTANEOUS DISTANC" FROM IN~AC = 0.050 INCEKS

 TIME!  ~i'tO'!
8,240 0.27500K+04

t t e t t t * t t c t t t t e t t t t t t t t t t t t t t t % t t t t t t t t t t t t t t t 92 t t 't % 4 t t t t t t t t t t t t t t 92 s t t ~ s t t a t

INSTANTANEOUS DISTANCZ FROM INT~hCZ= 0. 100 IHChc.S

 TINK!  TDP!
5.240 0.23937K+04



IHSTAHTAHEGUS DISThHCZ FROM IM~sFhCZ= 0. ISO IHQKS

 TINE!  TEMP!
d,240 0,20930K+04

etc f e4 ee 4ef eel t444lee4eef eeee44444e f cleek eeeee4eeeIC '4eeeeee e eeee e e4 eee et

IHSTAHTAHEGUS DISThHC FROM IHTZRFhCE= 0. 200 IHC:~

 TINE!
6,240 0.19020Z+04

eeeeeeeee e eeeeeee e eeeeeef eeee eeee eeee e eeeeee eeeeee eeeeeeeee e ee'e ~ eee e ee el e

IHSThHThHZOUS DISTAHC" FROM IHTERFhCE= 0. 2SO IHViKS

 TIME!  TPQ'!
5.240 0.1791dE+04

e e e e e e e e e e e e e 'e e e e 'e e e e e e e e e e e e e e e e e e e e e e t e e e e e e 4 e e e e 'e e e e e e e e e e e e e e e e e e 'e e e e e e

? HSThHThHKOUS DISThHC ROM IH~aFhCZ= 0, 300 IHCcZS

 TIME!  TZW!
d.240 0.17101E~04

IHSTAHThÃEQUS D!SThHC FROM i~hCZ= 0. 350 IHQKS

 TDP! TIME!

e e e e e e e e e 92 e e e e e e e e e 92 e e e e 'e e e e e e e e e e e e e e e e e e 0 e e e 92 e ~ e e 'e e e e e e 92 e e 0 e e e e e e e e e e e e e e e
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5. 240 0. 18517E+04

4 4 4 4 4 4 924 44 4 ee S444 4 444 ~ as f 44 444 sf 4 4 4 4 44 4 44444 44 4 ef 4 4 44 4 4 '444 sf 4 4444 4 sf 4 4 sf 4 4 4

IHSTAHTAÃEOUS DISTAÃCZ PROM !INTERFACE= 0.400 IHCHES

 TIXZ!  TEm!
5. 240 0. 15124E~04

4 4 4 44 4 4 4 4 4 4 4 4 4 4 4 f 4 4 4 4 4 *4 sff 4 4 4'4 4 4 4 4 4 4 44 4 444 4 44 4 4 4* sf 4 4 44 f 4 4 sf 4 4 4 4 4444 4 sas sf 4

INSTAHTANEOUS DISTANCE @ROM IHTERFhCE= 0.450 INC'WS

<TINK!  ~c. !
5.240 0.15870E+04

4 Sef 4 4 4 4 4 4 4 4 4 sse444 4'4 4444 4 ef 444444 4 4 4 4 4 444 444' ~ Sea 4 44 4 Sees 4 4 4 ef 4 4 Sf 44 4 4 4 esse

INSTANTANEOUS DISTANCE FROl4 !N~~FhC = 0.500 !NC.MS

 T l4E!  . "%'!
5.240 0.15709E+04

492Sefefffefffe4eeefffaeseffffffffafeaeffeefffff4efeffffef4fffffeffeeeeeefssf

i" RP~VJRE OUTPUT IS CQhPI T:.
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APPKVDIX 3

Case S tudies o f,veld'ed Cha~ n: ai lures

One of the major problems encountered in trying to de-

te~ne the causes of we' ded cha'n fai1ure is the lack of

documentation of the actual chain failures. The number of

documented case studies compared to the number of failures

is quite small and may not numerically reflect the true rep-

resentation of the frequency of occurence, of the particular

tripes of failure. The U.S. Viavy maintains a good repor ing

system, out since welded chain has not been extensively

used, only limited case studies are available. Of the case

studies that exist, many were reported by shipboard person.-

nel and reflect a faiLure analysis from an operator''s view-

point

4 need therefore exists to docu-eng neering dec.'sion.

ment al1. anchor ch-'n casualt es, so that t..e dom=..ant

L'".e .-orld s merchant =leets are not a ways reauir d to

document their casualties, and for this reason the number

of case studies- of failure ana'ysis is very small. Zven the

documented cases are often vague and fail to ident fy the

type of cna n, material properties  i. e., toughness!, load-

''ng cond' tions, and method of stud insertion. r"or these.

reasons, it becomes ve g difficult to judge why cer.ain fa'1�

ures occam red when insu ficient nzor=ation exists to make



uses. af =ai'"- " n be:den"- ='ed and or.rec e.d vh.ere

pos sib le, Failures associated wit% =Ha zahr> cation process

TPZL" OF

CHAIN FAILURE AVv, ALYST.S

*
ZVFLUEVC ON FA17.URE RATHCAUSE OZ CHAj;V FAILURE

Lack of Fusion

Hot Cracking

Elect"ode/Grip De cts

Very Significant

Corros' on

Bri t e "a11ure

Notch Tnitiated

Significant

Harp nal/
Undete~ned.

Yea~ and Abuse

Fatigue

* Author s Prxozlty lstl 1g

cauld possioly be decreased by t"..e improvement oz manu=ac-

turing techniaues and quality control. A literature search

has revealed several case st dies of chain failure and same

of these will be. discussed. Again these are only a s~1-

ing of types of failure that can occur, and may not reflect

a11 of the possible ze hods of failure.
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CAB:

i'nvesti at' on or 'worn Chain Links

5eve r =-' inks "= cuba'n showin~ excessively ' =gh wear

were ex~oned by '.Taumann and Soies, hei= 'nvestigationC63!

dealt with =lash welded chain that was end-welded, but the

results are of general interest. The area of heaviest wear

occured at the bend in the link  xwld! which. corresponds

to an area of high. stress. A me.tallographic examination was

made or t..' - rea, and also sections of the undamaged area

caused by overheating and 'nsur icient upsetting act'on.

were studied. The results revealed th.at the outer surface

of the chai. limni conta'..ed coarse aci cular martensite

with a fairly large percentage or retained austenite, all

indications of the link being s trong ly overheated.

Additionally, it was noted that the butt weld seams

were not o= ex-remely high qual' y, and were covered with

ox- de incl. s'ons. Nese inclusions could have resu ted =rom

insu f cient upset t g d 8 tance. du ng f abr cation. Be

cause of the poor weld qual> ty, this area understandably

exhibited an extremely high wear-rate with respect to the

rest of the chain link a"ea. From this case study, it can

be seen that the initial appearance of an excessive wear

pattern could be ' s leading n that the real problem was
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CATS< 2

fractured Chain Link

A. second chain -a' Lure s~vdied by .'Ja~mann and Spies

involved a ink of' a heat resistant steel 30 Cr 'Io 'i9 chain.

The actual =racture surface had a conchoidal structure and

followed the austenitic grain boundaries, which. is an indi-

cation of overheating. The reason for the fracture follow-

ing the grain boundaries is because zany oi' the sul idic

and oxydic iarpurities are slightly soluble and upon cooling,

deposit along the grain boundaries as a fine dispersion.

Because these oxides degrade the zaterial quality, they lower

the strength and plasticity of the steel. This decrease in

plasticity is of pa"ticular importance, in, chain Links since

it can give rim to premature. appearance of a fracture. attri-

butable to Low ductility. Confi~tion of the suspicion

of overheating was gained by the detection oi a coarse-

grained acircular heat-t eated struc ure of the chain Link.

The chain had to have been overheated to a fairly high. tem-
0

perature  ~ . e., greate than 2L00 . !, in, order for the

izpurit' es to dissolve.
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C>Be, 3

:ailure. of "Lec"=icallv 3ut -weLded .fild Steel C<.ains

Irz a chain fa' ur -= 'dv comp' ed by Hi.'tc.'".'ngs of64!

fusion was substantiated by the presence o= a pearlite

structure in the area. next to the discontinuities,

The final evaluation was that the failures vere d e to

defec ive chain produced by an auhotLatic welding machine.

Since severe cf t ie L 'ls sted - ave t 1e same in8 ca' 0 s,

concLuded -hat the '".'~' a~ ~achine settings werewas

proper, or hat the -~siding parameter set ings had dr-'=ted

of= their set positio~ over a period of time. This type. of

failure wa.s not uncommon, si.-.ce a a"ge number of examples

were encountered. The conclusion o= this study was that the

only means to avoid these de "ects was to ensure that proper

settings' were maintained on the. we.lding machines. frequent

esting, inspection and ciecking of the weld qua'ity was

necessary- to keep deiective c' ains from entering active

service.

a studless welded cha n Link, -he ai'ure resulted from

fracture of one of th.e 'inks in the plane of the weld. Other

Links of the same chain exhioited cracking within the weld

area, with the apparent crack nitiation sites being the

inner link surface. Samples ~ere taken rom the weld area,

and the results revealed the presence of discontinuities

caused by lack of f~m~ion or inadequate expulsion of the

oxides formed. Additionally, the theory of inadequate
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/

Fati ue r ailures of Links from Gr'ab Chains

ne c..ain studied in this case w-s studies-, =-. d "ro-

duced ""om '.-. gher tens''Le steel. Failu e of the ' '.".k occu=-

ed at a location adjacent to the butt weld in the s'de of

the link after a service life of about six months. The

fracture surface exhibited two distinct areas:

l! Bright crystalline - area resulting from britt'e

fracture at the time of failure.

2! Discolored, dark � area associated with. earlier

exis ting f a ti gue crack  crack initiation

area! .

A concurren" failure occured at the crown, which resulted from

a combined brittle rupture. md tearing action.

croscopic investigation revealed that the butt we'ds

were o= =ood cual'ty, but the =ailure in' iated w thin t=.e

KAZ of the weld  .0625 in.! . A further examination ind' ca-

ted that numerous surface =issu=es existed, which could have

oeen present in the bar stock., or could have esult d. rom

the repeated stresses of in-servi.ce use, These fissur s had

the appearance of corros.ion-fat'gue, or fatigue cracks, out

th's could not be definitively determined. Surface decarburi-

zation was also present, wnich. indicated that the chain was

'properly normalized or that the ba" stock was- initially at



conc us' 0Ils rail n -:5 'dharti "uia

t~at one of the surrace. 'ssuzes deve'oped a h'gh g owth rate,

and when ' t ". ached approx ately m'd-section ther was

sufficient metal a ea available to withs-and ihe appl'ed

'oad. Possibly due ta a suddenly applied load or shock,

the chain failed in a brittle manner. Further inspection

of other chain links revealed that similar fatigue cracks

existed in numerous other links, thereby indicatiIlg that

other fai1u=e s~ tes also existed and that the fai ed li%

was not just an isolated case,
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LASH 5

Fa ti z ze ~ ai Lur e.
�4!

fail d ' ' k. of s dless, ~-'gh tensile -t"eng h. stee~

cha n was. examined, and it was determined that fracture took

place in an area adj acent to the side butt weld. joint.

Within the fracture area three. 'specific zones vere detected:

5'mooth, fracture � approximately half the' cross-

sectional area vas composed of' this, extending

from the inside of Link and extending to about,

half the thickness of the bar diameter. Be-

cause of t. e nature of th's surface it was con-

cluded that this area of fracture vas due to

the gradual growth. of fatigue cracking.

Coarse fracture � about 75/ of the remaining

area �0'L of entire chain rod diane.ter! exMbi-

ted th='s coarser racture su=face. he coarser

structure was assoc ated wi h a more rap' d crack

growth "ate and hence the time to cover this

a=ca ~as considerably less than that of the

previous zone. This- area was locat d adjacent

a, and, outboard of, the. s-ooth fracture zone.

3. ' Tear zone - this area encompassed about 207. of

th.e. enti"e rod. diameter and was caused by a

rapid y propagating crack, which had. exceeded



the cr' tica ~ crack length of the materia' .

This area. tore out at the t me of fina

fai'ure

Seve al other links from the cha'n we e, examined and

additional cracks were. identified in the areas of the weld

line. Some of these defects we"e f ssures associated w='th

the oxidized material teat had been partial:y expelled f"om

tne weld line during t..e upsetting aetio~. :he presence of

the oxides indicates possible overheating c .r~..g the welding

process. Since these oxides we"e Located only on the out-

side surfaces of the and th's is usually trimmed off

after the upsetting s age., it implied that inadequate t im-

ming had taken place. The cr" cks that did cause =ai re a'1

started 'n the upset portion oi t."a joint, with the cracks

situated in the HAZ where the material was subjected to a

ansition temperatu e range. n. th's zone, some me, erial

Closer microscop c examinat. on revealed that th.a act"al

failure occur=ed in ~".e BZ, where grain refinement took

place during welding, fairly close to the weld line. The

weld itself was of good quality, and there were no indica-

tions of decarburization or oxide, inclusions. A study of

the link contour indicated that a slight physical sur ace

depression existed at the sight of the crack initiation.

~e appearance oi the crack was 'deatified as oeing typical

of one resulting from aCigue action.
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ance and ether mechanical propert es. Th' s change, I.n pzop-

erties could have caused a "mechanical notch", which acted

as a stress concentration factor for crack initiation and.

growth., resulting in failure p f the link.

is heaced aoove ' ts -=' <weal temperature ~hi e at t'.".e

other end of the zone the material is virtually unaffected.

it was conc~ uded that this transition zone was associated

w' th a sLight degradation or the material s fatigue endur-
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CASK 6

."ailure of 3>" Chain Cable Links

A chain ailure mal rsis of 3< in. -r c' or cha'n I "RQ!

conducted by Lloyd s Register of' S~ipping revealed that�S!

the broken links =ai'ed in a b.ittle manner a- the positions

of the flash. butt welds, and at similar positions at the

other sides of the link. The initia1 fracture vas caused

by hot cracking in the butt welds, Further tests shoved

that the chain material exhibited inadequate impac st=ength.

at 32 F. Steels of the type from vnich. tnis particular

Q<. e actures that occurred in "he vicin''ty of the

veld 'ine shoved a. black ox. d'zed area on that o-r o:

fracture adj ace . to the stud. A coa"se ~ anular struc" re

was noted, along with a hig+ temperature scale coating. L".

the area away from ti e stud interface the fractu e. was

bright in appearance and c~sta11ine, indications of br'' ttle

fracture. it should be noted that the fractures on the

opposite s~ des of the l~ nk  away from weld! were entirely

britt e i.. nature. The characte ''stic chevron markings in-

dicated ~we, origi..s to be posit''ons vhe a the studs vere

circ~erentially arc welded to the link.  Z~ ese fractu e

chain vas made, 1. 6 � 1.95 Manganese,' could develop partial y

hardened sur=aces upon normalizing. This characteristic is

dominant if the amount of mangane.se is present close to its

upper limit.
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izducecL bv ~Me stoa-s a= action ofsi:es ay ';ave. been

=; e st..d. i..ese br t- e f"actures at %e «elded.«el'.ing i.

transgraz.ular and had. propagated romst ~d inter ace -«e e

depos =s bet«een he li..ks and the ends oz the

s uds

other elements such. as nickel, and chromium tend to be. fair-

ly h- gh. and, hence, increase the possibility of partial

hardening of the steel. It is therefore ecommended that

the chain be tempered after the normalization process in

order to restore its toughness.

The final conclusion was drawn that the tendency for

carbon steels with manganese content greater than 1.5/ to

exhibit a'" hardening with drastic notch ductility reduction

should be anticipated. When the M content approaches 2/



238

CASF 7

�xamination of defective 3> 'n. Cha n

A cha'n 1' .k from a hain sed on - 'r' " ing ='' g 'ed

due to hot cracks in the overheated zones on both. sides of

the flash butt weld.. This investigation conducted by

Lloyd's showed that the ba" stock had met tensile re-I �6!

quirements, but exhibited insuf icient, toughness. The 'ow

impact strength was associated with the presence of a bainite

structure, wh' ch had formed due to the "manganese content of

1. 931.

The overa' 1 conclus~ on was that the maj or de fects in

the veld zone were hot cracks associated vi-h the seve e

grain coarsening exper" enced by the HM zicrostructure

caused by ove heating during weld ng. Even though the ch.ai.

had been correctly normalized, which. was confirmed by the

uniform material hardness and structure, th s could ..ot

compensate for t .e. damage caused during ove=heating. The

The site of the actual failure contained a ground groove

which had a small crack in its bottom section. The lower

part of this c ack was oxidized and scaled, and, similar con-

ditions were found on the f"acture closer to the positicn

of he stud. in addition, a dark 1ine de=ect on the -e'd

fusion 1ine was can imed to be a discontinuity n the veld,

contained entrapped scale and oxide.
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p.coheir was ~ .-thev complicated. bv the a~esence oz =Me

baiaite st-uctuze which. 1owered. the notch. tough.ess. oz aNe

chair lit:k.



CATS@. 8

Broken Chain Cab~ e

Another case study ccnduc ed av L ' ovd s ' "ealt wit%q67,

an anchor chain that suffered a ransverse fracture that

occurred through the center of >he indentation caused by the

stud. The area immediately below the stud was crystall''ne

in nature and covered with a dark scale associated w' th hot

cracking of the butt weld. The lower half of the fracture

was clearly the "esult of brit~la, frac ure. due to tb,e

presence oz chevron markings on the fracture surzace. '.4facro-

scopi" exam nat'on of link sect,'ons revea'ed the preserce oz

a flash.-butt weld in the center of a severe 'ndentation

produc d du~ng fitting of the stud link, which resulted in

fracture along the EAZ,

caused during the closing oz the l'nk 'nto t."e st d. The

press re appL ed, during th's operation aused local .ndenta-

t'on and fla, tening oz the s~ d, resu'" .".g in a lo gitud' na~

strain. This p'astic ceformation c-used the i=i "ial crack

wh.' ch was the origin o " the final: acture

The investigation concluded that the. brittle ailure

was cause ov a c ack in the rve � d zone -. at was present pri oz

to he chair be ng placed 'n se vice.. TNis was substantia.�

ted bv the heavy deca burization of the =ractu e sur=aces of

the. original crack, indicating its presence prior to fi..al

heat treatment. Since the racture did not originate on the

flash weld line, i- was concluded that the initial flaw was
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Examination of Cracked 3% in. Chain

Ri. is L' oyd's s "udy investigated c' rcumferentia1 crack-

ing rom the center lines of the flash butt welds,

These pa ticular chains did not fail, but we e rejected dur-

ing magnetic particle inspection. The cracks were crescent

shaped laps on the link surface, and they were present on

bath sides of the weld line  about 1 inch!. The material

contained some bainite which accounted for its Lower than

e~ect d notch, toughness.

The flash. butt welds of a11 the links were sound,

the HAZ structures were reasonably fine grained. The dis-

turbed nature of the floe pattern of the steel indicated

they were olds in the surfaces of the Links which penetra-

t d up to ,3 'nches. Because of the nature of th.e de ect,

and beca se of .'ts constant 1ocation, t was conclu 'ed hat

they were associated -ith the method o grippi .g the bars

during the flash-butt ve ding proc ss. Wws ~ s = asonab

since si~wiar proole~a have been encountered in the pro-

d ction, of continuous we.lded rails or the railroad indust~,

Brothe cause of a' lu e associated wit~. t+e. grips/eloct odes,

reported by ti'e ra' 1 industry, has been loca'ized burning,

which has led to many defective ra' ls.
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