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ABSTRACT

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 1l: 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 1 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. In 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



ii
sensing and control of the flasﬁ 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

érocedures were developed,
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1. Introduction and Summary

1.1 General background

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

Boston Naval Shipyard in the late 1920's, (3794

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,
Inc. of Chester, Pennsylvania had early-on bought the commercial
rights for the process; the company never went ahead with the
production of the 4-3/4 in. chain because of the high costs
associated with retooling (dies) and the limited amount of
chain of this size required by the U.S. Navy.(5_7)
An alternative method for fabricating chains, presently
employed by several 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 workpiece

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

movable platen is continuously advanced to bring new portions



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 wWith reasonably good reliability. In fact, if stringent
guality coqtrol measures are adherred to, this process can
result in the fabrication of a product with tensile strength
properties similar to die-lock forged chains. This is why
flash welded anchor chains are currently being used extensively
by foreign navies and by commercial fleet and offshore operators

(7

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

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

(6) Foreign production

welded chain in sizes larger than 3-1/2 in.
facilities exist in a few countries, including Japan and Sweden.
In 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:



(1) A study made by Battellé Columbus Laboratories in
1977 to examine the quality of welded chains produced by four
foreign manufacturers.(s)

(2) 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.(7)

{(3) A study initiated in 1981 at M.I.T. aimed at.analyzing
the manufacturing processes of large anchor chains. Phase I of

(3) The present

this study was completed in September 1981.
report covers the findings from Phase II of the project.

Although no consensus.apﬁears to emerge.frdm-the studiéé'
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-
1y repléce, in part or in whole, the die-lock 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 possikilities of premature failures
of welded chains.

The present research project focuses on these items, as

explained in detail in the following subsection.



1.2 Objectives and tasks

The objective of Phase I of this research program was to
investigate "pros and cons" of die-lock forged anéd flash
welded anchor chains. It included the following efforts:

(1) Study the state-of-the-art of forged and welded chains,

{2} Study experiences with both forged and welded chains.

(3} 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.

(4) 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.(s)

Phase II of the program, the results of which are described
in-the present report, is an extension of the third study
- mentioned above. 1In particular, its objective is to develop
strategies for improving the reliability of welded anchor chains.
The study consisted of the following three tasks:

Task 1l: 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 (1) development of basic concepts and

strategies, (2) development of complete analytical models and

hardware, (3) testing, and {(4) implementation in a manufacturing

environment. However, such an effort requires a large amount

of work and resources. Phase II 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 5 and the Appendices of this report. In

the next subsection a summary of the objectives and the findings

of each task is given.

1.3 Summary of findings

-

1.3.1 Factors affecting the guality of flash welded chain

In 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, questionsllike
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 £indings are described in detail in
Sections 2 and 3 of this report. 1In 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:

(1) Material consumed during flashing, known as flashing

burn-off or just burn-off.

{2) Method and degree of preheat.

(3) Flashing voltage.

(4} Platen flashing pattern.

{(5) Initial clamping distance.

The variables considered as important during the upsetting
process are:

(L} Upsetting distance.

{2} Upsetting rate.

{(3) Upset current.

(4) 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 gquality 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
gualitative 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 cénsidered. The first category includes
flat spots, voids, oxides, cracking, bar stock micrestructural
defect;, ;nd_die bu;nsf Ug@er mechanical defects, the
misélighment of the.iiﬁk 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 preheating, flashing, and
upsetting stages of the welding process, a simple mathematical
model is proposed, based on the work by Savage et al.(lo)
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 flashiné (constant platen acceleration)
is used. |

1.3.2 Strategies for in-process sensing and control of flash

welding

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 préprogrammed automatic welding machines are limited to
certain values, say 9%20%, 95%, or 99% depending upon the
machine being used and the conditions of the jeoint 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 repo?ﬁ
describes the results of the study. A summary 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. In 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:

(1) ©Optical transducers, including optic fibers, lasers,
and video equipment.

(2) Optical image processing methods.

{3} Acoustic sensors, both active and passive, and
including those based on ultrasonics.

{(4) Combinations of ultrasonics and linear arrays.

(5) Tactile transducers.

The pros and cons of these sensors with respect to the flash
welding process were investigated in some detail. ©n the basis

of the results of this investigation, conceptual designs of
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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
fiﬁdings of Section 2. Note that several of the ideas applied
to the conceptual design were borrowed from other similar
procesées.

The proposed system, shown in detail in Figure 4.15, consists
cf the following: | |

(1) Measurement of bar stock geometry prior to preheating.

{2) In-process sensing of bar stock's temperature during
preheating. |

{3) In-process sensingqof the bending operation through
optical sensors.

(4) 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. |

(5) Examination of the flash welded link using optical
sensors.

(6} NDT, real-time examination of the welded 1link.

(7) 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.

1.3.3 Methods to reduce possibilities of premature 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 arc welding the stud
té'the main bedy of the chain.

The objective of Task 3 is to identify potential sources
of premature failures of welded chain and to suggest methodeclogies
for their elimination. In what follows the maior 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 bas;s of these scant reports and of a basic
understanding of the phenomena involved, as follows:

(1} Brittle fracture.

(2) Failures induced by the stud insertion process.

(3) Failures initiated by defects caused by improper
gripping electrodes during flash welding.

(4) Lack of fusion in the weld zone.
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(5) Heat Affected Zone (HAZ) microcracking..

(6} Fatigue.

{(7) Lack of maintenance, wear, and abuse.

(8) Corrosion.

All 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. It 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

2. TFactors Affecting Flash Welded Chain

2.1 Flash welding proceés description

Flash 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 workpileces are usually gripped, and
held firmly, in electrical contacts which are comnected 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 small 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,
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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 surface 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 gbout Tm),_an ppsetting force is applied
and the chain 1link is fabricated. 1In 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 toc the desired temperature. In the case
of 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 Identification of process wvariables

In order to be able to select an optimum flash welding
condition it is necessary to not only identify the variables
present in the @rocess, 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 variablé 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.

(9)

2.2.1 Flashing variables. According to Savage, the

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

impertant during the welding operationL
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1} Material ccnsumed during flashing
2) Method and degree of preheat
3) Flashing voltage
4) Platen displécement 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 among these variables
have been studied by welding éngineers, scientists and
through shop production experience. Because of this re-
search, and other on-going Qtudies, it is possible to satis-
factorily predict the temperature distribution that will be
' present in a'wbrkpiebe'jusfnpfibrftd'théfﬁpéettiﬁg action.
To make this‘prediction,.cértain)input-properties are re-
quired, such as the physiqal.dimansions, flashing variables
and materiai properties, all of which can be readily obtain-

ed from the machine settings and physical measurements.

Since there is an inter-dependence among many of these
variables, it is possible to gbtain 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, good 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



20

"eonflict" 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 ensura that optimum

conditions and product are reached.

A. Material consumed during flashing

Within the flash welding community, this quantity
of material is known as '"burn-off" or ""flashing burn-ofe", (9)
Because this material is lost during the flashing operationm,
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
minimum 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 not fully attaining the desired
temperature profile. In most operations a conservative ap-
proach is followed, and a slightly larger burn-off is used
since the benefits achieved through a small econcmic trade-
off have a great effect on weld quality. The amount of burn-
off required can be roughly calculated (!0 and it has been

shewn that this parameter appears to be only a function of
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tﬁerworkpiece's thermal diffusivity and of che welding

machine's platen flashing patterm.

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 industxry, the amount of burn-off is impor-
tant since it‘cdntrols the final length of the link and can
also cause varidus residual stresses within the links due
to slight changes in its dlmensions If the burn off changes
from link to llnk durlng chazn manufacturlng, the accumula-
tive effect of the residual stresses can be quite complex.
These residual stresses can be detrimental te 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 flash 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 c¢an be achieved throughout the end surfaces.
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Here many times even the conservative burn-off wvalues aren't
used, but are fuzrther increased in an effort to eansure weld

qualicy.

B, Method and degree of preheat

There are several different manners through the-
workplece can be preheated, depending on the type of weld-
ing facility that is available and also based on the physi-
cal dimensions of the part being weldéd. One of the most
commonly used methods of preheating is accomplished by bring-
ing the parts together under light pressure and then ener-
gizing the welding transformer to start resistance heating.
The large current floﬁing through the metal between the
dies causes Joule (I?R) heating throughout the workpiece.
The temperéture distribution across the joint during pre-
heating approximates a2 sinusoidal waveform with the peak

(11 Since the clémping

temperature point at the interface,
dies also act as heat sinks, besides supplying the electri-
¢ity to the workpiece, the temperature of the workpiece
drops cff away from the interface until it reaches approxi-
mately the temperature of the dies at the clamping point.
This preheating is quite different from the very localized
resistance heating which occurs during flashing at the small
bridge contacts and which results in localized melting and
metal expulsion. 1In this type of preheat the light contact

pressure is maintained until a predetermined surface temper-

ature is achieved, and then the flashing sequence is started.
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A second method ¢f preheating is available for pieces
that can be totally heated within a furmace, whereby the
entire workpiece is brought uniformly up to the desired
temperature. This is the case with anchor chain links since
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
coﬁpleted link, it is bent in a die press to form a more
closed link (seenFigure 2.&).I 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 temper-
ature of the metal also allows for the upsetting motion to
be accomplished by a much smaller force than would be re-
qﬁiréd“fﬁr éhcooier.ﬁofkpieée; .This method does have the
disadvantage of having to handle 'hot' wﬁrkpieces, 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. 1In 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
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use of preheat in flash welding operatlons The follewing

are a few of these advantages

1) With the use of preheat, a temperature dis-
tribution with a flatter gradient is produced.
This distribution is presemt throughout the
flashing operation and it allows for the distri-
bution of the upset over a longer length of the
workpiece. Because of the preheat;ng, the up-
gset 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-sectlons to be
joined that could not be achieved without the
' preheat. The capacity of the machine could elso
be expaneed aot 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.

1) 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 metal 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. Most 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 individual's skills and how well the
operator can reproduce the same preheat from link to link.
In many cases, bar stock is preheated until it "looks right”
to ;he 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 preheatihg process during flash welding

operatiouns.

c. Flashing voltage

The flashing voltage plays an important role in
the flash welding operation, and during most procedures,

(12) For

this value falls in the range of 2 to 16 volts.
each particular welding task the voltage should be selected
in such a manner that it is the lowest vossible setting
which still allows a good flashing action. The selection

of the lowest flashing'voltage is aimed at minimizing the
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number and depth of surface irregularities that are formed
during fiashing. As the flashing voltage‘increases, the
size of the "craters" formed im the abutting surfaces in-
creases due to the more fépid melting action and metal ex-

(13) From this a generalization can be formed that

pulsion.
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 becéuse, 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 érove insufficient to

"£111" 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 wmachine 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. With this action
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the secondary current begins to decay in accordance with
the electrical characterigtics cf the secondary. fhis over-
all process is best described by FigureiZ.S, which schemati-
cally represents the_voltége and current waveforms during
flashing. As can be seen from the figure, there is suf-
ficient voltage induced by the secondary to overcome the
gap between the interfaces such that at the instant at which
the bridgé is brokeﬁ the current can momentarily are over.
This arcing causes some additional heating and then the

cycle starts again with new bridges being formed.

D. Platen flashing paﬁtern

Another very imporﬁant variable in the flash weld-
ing process is the flashing pattern established by the
motion of the platen during the welding operation. As the
platen advances part of the workpilece towards the stationary
face, a graph of the time-displacement relationship can be
produced. This graph is known as the flashing patterm and
1s of great value in determining the burn-off and tempera-

(11)

ture distribution. From analysis and experimentation

it has been shown by Nippes and others (1®

that under appro-
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, little benefit is obtained by

further flashing. The best flashing pattern is the one which
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provides the desirsd stable temperature distribution with

the least burn-off.

Several types of platén motion can be achieved, but
through experience it has been shown that in most cases thé
flashing pattern should have an initial period of constant
velocity (linear) motion of the one part toward’the other,
to facilitate the start of flashing. Once the flashing has
been initiated, this constant velocity motion should be
changed into an accelerating motion. This accelerated motion
is known as '"parabolic flashing" and is characterized by
the constant rate of acceleration of the platen. As the
acceleration increases, so does the steepness of the stable
temperature gradient. From this it can be seen that the
shape of the temperature distribution is controlled by the
flashing pattern and hence, the behavior of the metal dur-
ing up-setting is also controlled. It can be seen that weld
strength and integrity are very much dependent upon the
choice of the flashing pattern. If the wrong pattern is
chosen for a certain welding task, the result could easily
be an inferior joint as well as podr product. This cannot
be tolerated in anchor chain production because of the
critical nature of the product, and hence, this flashing

variable should be very clesely controlled.

E. Initial clamping distance

(9)

According to Savage , the temperacture distri-

bution is also influenced by the length of the heat flow



30

path between the flashing interface and the water-cooled
clamping dies. In general, the initial clémping 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:

where p is the density (lb/in?)
¢ is the specific heat (Btu/lb °F)

< is the thermal conductivicy (Btu/hr ft oF)

The critical clamping length is known as the "effective-
infinite-clamping distance"” and to extend clamping beycnd
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 .0l in?/s)

is relatively small, the clamping distance is not very
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large. Tﬁis is fortumate 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 produhtion process. The short clamp-
ing distance alsc 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 thermal dJdiffusivity of aluminum
(i.e., flash welded window frames, etc.) is approximately
.09 in?/s and requires a long clamping distance while «

for anchor chain steel is around .0l in?/s and requires a

—

clamping distance of only a. few inches.

Besides the five major flashing variables already dis-
cugsed, there are numerous other variables that may be con-
sidered part of the-flasﬁiﬁg'ﬁrocess. Theée points are alsd
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 supplying voltage teo
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 capabilicy wirhout
subjecting the workpiece to surface

damage.

3) Heat conduction capacity of grips and
method of cooling. This point would
also cover material selection as well

as physical dimensions.

2.2.2 Upsetting variables. The previous section show-

ed that in order to achieve a strong and sound weld it was
necessary for the welding process to exhibit a smooth
flashing action for some minimum distance over a given time
interval. Weld quality canndt be guaranteeﬁ by controlling
the flashing variables alone, and so the upsetting variables
must also be considered since they are all inter-related.

0f all the variables present during the upsetting process,
the following are considered to be most influential in the

final weld quality:(ll)

1) Upsetting Distance
2) Upsetting Rate
3) Upset Current

4) Flashirg Voltage Cutoff

These parameters will be studied individually and their inter-
dependence will be demonstrated wherever possible. Some of
these variables are fairly well understood while cothers have

not received much dedicated study and research.
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A. Upsetting distance

The criteria for establishing the minimum ﬁpsetting
distance is twofold. One of these requirements is that when
the workplece 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 inpﬁrities to the exterior surface of the
chain link, thereby leaving the joint free of inclusioms.
The accumulation of this flash material 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. TFrom the aforementioned criteria, it could be
assumed that the larger the upsetting distance, the better
the weld, since it would ensure complete flash expulsion and
intimate metal contact. This is not the case, however,'in
actual performance of welding operations. Investigations

(12)

have shown that not only is the practice of excessive
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upset distance impractical from an economic standpoint, but
it can also be detrimental to the quality of the weld
achieve@. 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 100% 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 sharp-
ly bent and also the volume of material so affected also
increases (Figuré 2.8). Some researchers have suggested(la)
that this deformation is regsponsible for the numerous and
small heat-affected zone cracks that develop during specimen

bend tesrts.

It should be noted that increasing the upset distance
also does not guarantee expulsion of all foreign material,
Tests conducted on some AIST 4130 steel specimens showed no
correlation between percentage of flat-spots preéent and the
magnitude of the upset. The flat-spots, which are believed
to be formed by entrapped contaminants, or by carbon segre-

gation(IA)

cause an overall degradation of the weld integri-
ty. Hence, in some casas, 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. 1In the welding of large
anchor chain (AISI 1330), 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
1330 and 434d steels vary considerably in their nickel and
manganese cdntent, they may exhibit totally different char-
acteristics (see Tables 2.1 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:

(1) Maximum upset force of machine available.

(2) Chain link geometry, cross section, material

preparation.

(3) Amount/method of preheat used.

{4) Amount of uﬁset current available.

(5} 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 .

CARBON STEELS - (NON RESULFURTZED) (1)
(Manganese 1.00 Percent Maximm)
c M Pmax

AIST/SAE 1020 - .18/.23 .30/ .60 .040

CHECK AMALYSTS TCLERANCES ATLLOWED
- BARS, ELOOMS, BILLETS, SLABS, AND ROLS

.050

Acceptable (+/-)

- Limit Percent
Element S Percent ‘ Up to 100 sq.in.
Carban 23 0.02
Mangznese .60 0.03
Phosphorous 040 0.008

Sulfir .050

0.cc8
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TABLE 2.2

AIST/SAE _ C o i Ce Mo
1330 .28/.33 1.60/1.90 - - -
133CH 27/.33 1.45/2.05 - - -
4130 .28/.33 40/ .60 - .B0/1.10  ..15/.25
413CH .27/.33 .30/.70 - .75/1.20 15/.25
4340 .38/.43 .60/.80 1.65/2.00 .70/.90 .20/.30
43408 37/ .44 .55/.90 1.55/2.00 .85/.95 .20/ .30
‘ CHECK ANALYSTS TOLERANCES ALLOWED FOR
RARS, BLOOMS, BILIETS, SLABRS, AMD RODS
Acceptable (+/-)
Limit Percent
Element Percent Uo to 100 sg.in.
Carben 0.30-0.75 0.02
' Manganese Up to 2.10 0.04
Nickel Up to 2.00 0.05
Crromium 0.90-2.10 0.05
Molybdenum 0.20-0.40 0.02
PHOSPHORORIS AND SULFUR LIMITATICONS
Masddmm Percent
Process P
Basic Electric 0.025 0.025
Rasic Open Hearth/Basic Oxygen  0.033 0.040
Acid Electric/Acid Cpen Hearth 0.050 0.050
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approximately one-half the part thickness is sufficient to

promote a good weld. (+1)

3. Upsetting rcate

In order to produce a high quality flash weld, the
upset rate must be fast enough to expel all the molten metal
before it solidifies on the abuttiﬁg 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) Upéetting.distance
3) Upsetting current
4) Physical limitations of equipment

5) Chain link size and geometry with respect

to (&)
6) Upsetting force available

Item number 6 may be the greatest contraint te the upsetting
rate limitation because the welding machine must apply a
force to the movable platen to accelerate the chain link 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.
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big problem in the design of large capacity welders.

Once the problem of initial part acceleration has been
cvercome, we are faced with the actual upsetting portion of
the c¢ycle. According to ﬁippes, Savage and Grotke (16) the
upsetting action ls actually a two stage operation. During
the first stage, over half of the actual deformation occurs
at a fairly rapid velocity. With continuation of the up-
setting process, the chain link material becomes more resis-
tive to further plastic deformation, which decreases the
velocity of the platen. As in any metal forging operatiom,
the resistance of the link material to plastic deformatiom
will be govermed 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 tem?erature profile,"along with the upset pressure o
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 reasomns is
to provide additional resistance heating to the workpiece to
keep a desired temperature profile until the upsetting action

begins. This practice is very important in cases where the
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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 c¢an occur include, but are not limited to, large
and odd-shaped parts which may have inherent heaf siﬁks
which bring about this condition. Along the same lines of
resistance heating, another use of the upsat current is to
essentially increase the effective capacity of the welding
machine. By passiﬁg sufficiéﬁtly high current through a
large workpiece, the temperature is incraased and therefore
the material resistance to plastic flow decreases. This
combination allows the welding machine to weld 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 unsettlng action.

A few other uses of upset current do exist but these
usually deal with lower amperage values 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. 1Ir 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 1s an important factcr in flash welding. Too short
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of a period will impact on the weld quality by varying the
temperature distribution and allowing insufficient upset

distance.

- The magnitude of the upset current also influences
the weld quality because of the resistance heating effect.
As the current density increases, the I*R losses increase,
making the metal very soft. Researchers 1% have determined
experimentally that. as éxpected, 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% (average) in-
crease iﬁ upéet distance.over épeciﬁens éésted withouﬁ

upset current (see Table 2.3).

TABLE 2.3

EFTECT CF CURRENT DENSITY CN UPSET DISTANCE

PERCENT TNCREASE
AISI STEEL - UPSET DISTANCE (in.) IN UPSET DISTANCE

No Current 45K AMPS/in? -

4340 14 .40 285%
4130 16 45 2817
1020 .22 .38 2647

During these tests it was discovered that a threshold current
density existed, below which, there was little increase in

upset distance for the current used. This implies that a
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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
will be govefned by the size of parts,as well as the type

of material from which they are fabricated. Energy costs
for the high current density requirements may play a major
part in the decision process,as well as the fact that cer-
tain alloys would require upset current to prevent unfavor-
able cooling rates (even on small parts). The final selec-
tion will be the result of trade-offs conducted in an

éttempt at arriving at an optimum welding procedure.

-D. Flashing voltage cutoff

THe 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. It is very important that the timing of this
phase is regulated to emsure 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
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tolerant of an erzor in adjustment that results in a flash-
ing vcltage that coﬁtinues iﬁto.the upsettiﬁg phase than oﬁe
that terminates early. By securing the flashing voltage
prematurely, the risk is present of developing too rapid a
cooling rate which could result in the fomation of a hard;
brittle mi.crostructure (i.e., martensite). These formations
could later lead to stress concentration sites and crack

initiatofs in the weld zonel

2.3 Relationships of Weld Defects to Welding Parameters

From the previous section, it can be seen that there
are many‘variabléé which.cah effect the quality of the flash
welded chain link. The variables discussed were process
related, so there are numerous other parameters associated
with the-ﬁﬁain materiél théh have ﬁbt féf beéﬁ Coﬁéidéféd:‘
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. What the acceptable ranges on these
variables are is very hard to define, since they differ for
each particular flash welding operation. Certain ranges of
parameters in one case would result in an unacceptable weld
on another specimen having a different geometxy or material
properties. Much additional research has to be done in this

area to better understand the process, so that optimum
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welding conditions can be selected in an intelligent manner.

It is hoped that eventually this seleccion process can bhe
accomplished without resorting to the use of experiments or

relying upon operator expérience.

2.3.1 Flash-butt weld defects. During the welding

process there are many ways in which defects can be produced.
These defeits can be minimized by rigid process controls,

but it 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 ig im-
portant, since defects of either type could significancly

reduce the chain strength under certain conditiocns.

A. Metallurgical Defects

1) Flat Spots - These defects are smoqth, irregu-

lar-shaped areas which are usually visible on
fracture surfaces through the weld zone area.
It should be noted that these flat spots
usually occur in the localized regions of car-
bon segregation in ferrous alloys. If the
welding cooling rate is sufficiently ﬁigh,
these areas of above average carboem concen-
tration c¢an produce brittle martensite.
Microhardness tests and metallographic ex-
aminations show that this is the case in

the areas of "flat spots', and also that
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steels with banded microstructures are
much more susceptible to this type of de-

fect than unbanded steels.cll)

2) Voids - During welding operations certain

k)

conditions can cause the formation of
voids within the weld zome. If the flash-
ing voltage is too high, large craters can
be created during burn-off which cannot be
"filled-in" during the upsetting actionm.
Even in cases where very large upset dis-
tances are used, these voids may still be
resistant to closure. The void content

can cause high stress distributions in the

chain link and lower the overall tensile

Stréﬁgth.of.the finished'chain.

.Oxides - Voids can-also be created when

oxides of the metal are entrapped at the
weld interface. These oxides usually
accumulate on the abutting link 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 are
not too common, but their presence can

greatly reduce the strength of the weld
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due to their usual brittle qualities.

Cracking - One of the more commonly found
defects is internal and extermal cracking.
Depending on.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 canrbe a problem. On the
other hand, when the base material is a
hardenable steel, and the weld is sub-
jected to ; rapid cocling rate, the domi-
nant problem becomes cne 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 wmetal 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
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stress concentration factors, and, if they
are subjected 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 eritical crack lenmgth. Depen-
ding on the fracture toughness of the
base steel, this maximum tolerable crack
length can range from a fraction of a
milimeter in HY-130 steel to a length of several
milimeters in aluminum. Fracture tough-
ness (KIC) ié a weasure for the crack re-
sistance of a matgria%.h Sopg_examples

of these are shown in Table 2.4 below:

TaBLE 2.4(17)

Tensile . Yield Fracture

_Msterial  Strength Strength Tougfress
4340 Steel 264 KST 214 kST 42 ST I
Maraging 300 Steel 268 KST 250 KST 82 KST /I
7075-T6 Almimm 81 KST 73 XSI 30 KST VIV

The size of the crack that can be tolerated
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in the materials in thé.previoué table can
be calculated by making some assumptions.
Crack extension will occur when the stresses
and strains 5t the c¢rack tip reach a criti-
cle value (UE = failure stress). Using the
criteria that the material éan withstand

a 50% reduction in strength before the

crack will grow, the following can be

stated:
Krg T,
Uc = =
YTa - 2
or
a = -
T 0&

where a is defined as half the critical

crack length.

) 19

Using this wmodel, the critical crack length

for 7075-T6 aluminum would be 8.8cm as
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compared to 2.6mm for 4340 steel. If these
critical values are exceeded, rapid un-
controlled crack growth could cccur, re-
sulting in pfemature failure of the link.
It is also possible to determine remain-
ing link strength as a function of crack
length as shown 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 producticn, 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 or crack content is established
by references 18 and 19, but is more

qualitative than quantitative in nature.
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loossiaLe
I'FAILURE

RESIDUAL STRENGTH —»

TIME AND CRACK SIZE —»

FIGURE 2.10 Effect of crack size om residuval strength(l7)
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5) Bar Stock St=ucture - Scme metallurgical

defects can result from the impurities and
grain structure of the base metal. Many
of these defects can be eliminated by
strict adherence to material acceptance
standards established in MIL-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-grain structure and
may be made by either the open hearth,
basic oxygen, or electric furnace process.
The chemical composition of the steel
~shall be determined at the steel mill for
each heat of steel and vertified by a
chemical or spectrographic analysis con-
ducted bty the chain manufacturer. The
fusion zone of the flash weld area is
limited to an ASTM grain size 5 and it
must be free of any form of Widmanscatten
structure. If these guidelines are
followed, the incidence of base metal de-

fects will be greatly reduced,

Many wrought mill products have an in-

herent fibrous structure which may cause
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the bar stock material to have anisotro-
pic mechanical properties. During the
upsetting action this fibrous material
may be realigned in the weld area (as
seen in Figure 2.8) causing a degrada-
tion of mechanical properties. One of
the properties that is affected is the
material's ductility. The decrease in
ductility is not norﬁally significant,

(1L)

unless:

(a) The material is extremely inhomo-
geneous, such as in severely banded
steels, and alloys with excessive

stringer-type inclusicns.

(b) If the bar waterial is subjected
to excessive upset, the fibrous
structure may be realigned trans-
versely to the original structure,
This condition would considerably
degrade the tensile strength of

the chain link.

Proper quality control of base metzl/
bar stock production can eliminate the
majority of these problems. Periodic

sampling c¢f links can also reveal the
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presence of a bad supply of base

material.

6) Die Burms - These are the last of rhe
metallurgical defects to be discussed.
Die 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, Fhese surfaces
must be kept clean and within close

dimensional constraints to avoid damage.

B. Mechanical Defects

Two types of mechanical defects are relatively
common in chain fabrication. The first of these is misalign-
ment of the link ends prior to upsetting, and the second is
the case of non-uniform upsetting during welding. If the
clamping dies and fixtures are not properly adjusted, the
link ends wmay be offset resulting in a non-symetric chain
link. This kind of arrangement can cause stress concentra-

tions in the area of 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-uniform upsetting, may bhe
caused by several conditions. Excessive die opening at the

start of upset is a common cause, especially in cases of
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fairly ductile mazerial. In these instances, the problem
can be solved by decreasing the initial die opening distance
and appropriately adjuscting the welding schedule. Other
causes of non-uniform upsetting are insufficient clamping
force and link end wmisalignment. 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 guality of 4-3/4 in. chain, a maximum_misalignment
criteria is established in MIL-C-24573(SH). 1In accordance
with these standards, a maximum diameter misalignment of

3/32 in. is permitted after the flash weld is deburred.

2.3.2 Relationship of welding parameters to weld de-

fects. In an attempt to arrive at a conclusion.as to how the
welding variables reaily'influenée‘the joint‘quality,'Tables
2.5, 2.6 and 2.7 were produced. From these tables iz can be
seen that the optimization process can be quite difficulc.
The variazbles in a2ll three tables must be considered, and one
final selection must be made. As mentioned earlier, it is
difficult to place upper or lower bound values on these
variables, but some zuidelines must be established. A litera-
ture search has revealed many sources, which give limiced
guidance on the wvariable limits. Since these sources dealt
with many types of geometries, materials, and flashing equip-
zent, generalizations were required in order to arrive at

any useful cenclusions. Table 2.8 is the result of this



WELDING
VARTABLE

BURN-OFF

FLASHING VOLTAGE

FLASHING TDME

FLASHING RATE

INITTAL, CLAMPTNG
DISTANCE

*

*

*

in
~

TABLE 2.5

FLASHTNG VARIABLES

EFFECT CN THE WELDING PROCESS
cXCESSTVE

Uneconaad.cal

Inefficient use of
energy

Tendenicy to decar-
burize steel

Large crater forma-
tion

Tendency to cause.
inclusions and flat
spots in welds
Higher void cotent
~--lower stremgth

Cast metal in weld

Too much heat results
in lirk matrerizl be-
caming too plastic to
Upset properl

Treezing of metal
ccours

* Aligrment problems

can arise cduring
tpset phase

INSUFFICTENT

* Tmproper temperature
gradient

* Difficulry in procucing
flashing

* Insufficient upsetting

* Metal freezes toc
early

* Tnadequate upset dis-
tance is achieved wich
available force

* Incomplete expulsicn of
oxide film and inclusions
which gives low quality
weld

* Insufficient wpset du=
to limited plastic flow

* Tnsufficient heat is
develeped to bring mecal
to the proper wsetting
temperatixre, This is
characterized by inter-
mittent flashing

* Too sharp of a tempera-
ture gardient is present
which can effzct upset
distance
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TABLE 2.5

UPSETTING VARIABLES

WELDING EFFECT ON THE WELDING PROCESS

VARTABLE EXCESSIVE INSUEFICIENT

ZLASHING VOLTAGE * Qverheating and * Improper terperature
CUTOFF melting of material gradient in link

* Formation of "hard"
" microstructure due to
rapid cooling

* Insufficient wpset

distance
UPSET CURRENT * Querheating/buzning * Improper temperatire
profile

* Metal too plastic to %

T » L] "
upset properly Insufficient upset

dstance
* Inclusions and voids
* Longitudinal cracking
in weld area

UPSET DISTANCE * Uneconomical * Some ox.des remazin as
— 'L, i 51 in s
* Final parts d - inclusions weld
sicns outside * Voids, cast metal
specificiaticns present in welds

* Excessive plastic
deformatien causing
realigrment of micro-
structize at weld
line (flow lines bend
towards plane of weld).

UPSET FORCE * Excessive deformaticn * Inclusions, voids and
of chzin link (out- oxddes present

sice spacifications) 4 Insufficient molzen
* Weakened weld ce to metal removal

flow lines bent

parallel to the weld

1ina.



59
effort to establish ranges or minimum and maximum values for
the process variables. The reader should be cautioned thar
this is a cowposite list and some of the limits listed may
be unreliable in the generalized sense. Scme of these values
may be limited to the particular material tested or may ex-
hibit wide variarions under different conditions. The pur-
pose of this table was to consolidate references to one loca-
tion in an attempt to see if any actual, meaningful criteria
could be established. As can be noted, the specific appli-
cations to large (4-3/4 in.) anchor chain material are label-
ed to distinguish these applicable limits. It should be
stated that most of the criteria listed were obtained through
experimentation on small batch samples welded under control-
led laboratory conditions. The samples varried in geometry,
material properties and represented a sampling of ohly a small
population. Even with all these shortcomings, the tabls
still provides the best existing guidelines to work with in

trying to improve flash-butt welded chain.



VARIABLZ,

PHYSICAL
DIMENSICNS

DIFFUSIVITY

DOCTIIITY

QUALITY OF RBAR
STOCK.

TABLE 2.7

ANCHOR CHATN MATTRIAL VARTABLES

ZFTECT ON THE WELDDNG PROCESS

LARGE (HIGI)

% High heat require-
ents

* Large forces

* Longer preheat,
flash time

* Larger upset current

* Longer initial clamp-
ing distance

* More chance of parts
alignment problems

* Requires more preheat

* Larger upsetting
force

* More susceptible to
damage by overheati
during preheat

* Higher upset currents

* Possible pest heat
required

* Upset distance in-
creases

* Upset force decrszses

* Flashing time de-
creszses

* High quality welds

SMALL (LOW)

* Lass/no preheat

* Decreased upsetting
force

* Smaller emergy require-
ents

* Shorter initial clamp-
ing distance .

* Improved control on
part aligmment

* Smaller upset fcrces

* Less chence of carbeon
problems in weld zone

* Increased force and
heat requirements

* Insufficient wpset
distance yielding in-
clusiens or voids

* Defective weld prcoba-
bility is high

...... continued



WORKPIECE
VARTABLE

'"HARD'" MICRD-
STRUCTURE PRESENT

PHYSTCAL
MESALIGNMENT
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TABLE 2.7 (cont'd)

ANCIOR CHAIN MATERTAL VARTABLES
EFFECT ON THE WELDING PROCESS

LARGE (HIGH) SMALL (1LOW)

* Low quality weld * Hgh quality weld with
susceptible to crack- few inclusions and
ing and reduced approaching the forged
strength uniform omicerostructure

* High stress concen- * Good joint quality
trations can lead to
premature failure
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3. Heat Flow in Flash-Butr Welded Anchor Chain

3.1 Welded chain fabricatioﬁ heat flow models

Since there are so many variables in the flash welding
process, the heat flow analysis problem becomes quite com-
plex. All the variables are interdependent and cannot be
isolated individually. Previous research has tried to deal
with these numerous variables by utilizing dimensiomal
analysis and grouping their effects by parametric equations.(lo)
As a result of research conducted to date: i1t 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
(sirnce the scurce is continuocugly moving) can be achiesved
through various combinations of flashing parzmeters. In an
attempt to lessen the problem of dealing with a large number
of variables, a simplified model.of the welding process will
be utilized; This section will study the heat flow for the
entire chain fabricating process. After the overall process
is reviewed, the heat transfer mechanisms of that portion of
the process, which most effects weld quality, will be

nodelled:,

Looking at the entire chain fabrication process it is
possible to distinguish several different heat transfer

phases. Depending upon the size of chain being manufacturad,
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the type of bar stock material, and the physical limitationms
of the welding machine, some or all of these phases may or

may not be present.

Phase T - Preheat of bar stock

Phase II -~ Resistance heating of link end surfaces

Phase III - Development of stable temperature
gradient

Phase IV - TUpsetting motion/Upsetting current

Phase ¥V - Flash expulsion and cool down.

These five phases cculd be further broken down to more dis-
tinct héat flow areas, ﬁut fof the overall study of the pro-
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 bearing upon the £inal
heat distzibution and weld qﬁality of the c¢hain link joint.
Phase I

Preheating of the anchor link bar stock is the pri-
mary purpose of this phase. Since in this manufacturing
process the stock must first be bent to Iorm the link, the
preheat makes the forming process easier by requiring a
smaller force toc be applied. Besides the benefits obtained
in the forming phase, the preheat a2lso allows for easier
flashing dve to the increased bar steck temperature. During

this phase the bar stock is taken from its storage Ifacilicy
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and placed in a heating furnace until the uniform desired
temperature is reached (see Figure 3.1). A preselected
temperature (TB) ls chosen such that the material's yield
strength has been lowered considerably. This action 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
that 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 preheated
bars in the furnace could zct as radiation heat sources, and
there could also be convective heat transfer within the

furnace.

Since the objective of this phase cf the process is to
bring the bar stock up toc a desired temperature, the methods
of reaching this endpoint are not as important as the resul-
tant temperature. Achieving the correct end temperature is
important since it ensures that residual stresses are con-
trolled during formirng, and that flashing can be easily
achieved, Some clarification is in order here in that a few
limitations must be placed on the preheating to ensure that

the stock isn't overheated, or held at a high temperature
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Conduction Line Heat Scurce and Radiation
from Furnace

Additional Radiation from Other Bar Stock

g

Q200

Complex Conduction, Radiation and Convection

FIGURE 3.2: Methods ¢f Heat Transfer
Puring Purnace Preheat
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for too long a time. Zither ¢f these conditions coculd prove
decrimental ta the weld quality and could cancel the benerlits
of the preheat process. Because of the relative insignifi-
cance of this phase of heaﬁ flow on the final weld outcome,
it will not be comnsidered as an essential part oi the process
model. This simplification will have minimal impact on the

‘model results, and should decrease the number of variables

that must be considered for the model.
Phase 11

Once the link material has been sufficiently pre-
heated, the flashing voltage can be applied across the work-
piece and the selected platen flashing pattern can be
activated. As the platen motion begins (closing phase) an
initial bridge is formed and resistance heating begins to

raise the temperature of the surface protuberances (see

Y

Figure 3.3). When sufficient heat has been generated, the
small amcunt of metal will melt and be expelled by the in-
duced magnetic field around the bridge. Once the current
path is disrupted, a small arc occurs between the interfaces
at the location of the axpelled material. This phase of the
heat transfer is agzin quite complex, but could be simplified
by modeling the initial resistance heating as depicted in
Figure 3.3¢. Under actual conditious, the contact bridges
would be of different dimensions (diameter, length, or in-

complete contact, 2s shown in Figure 3.32b) and would pose
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2 very complex scenaric to analyze. As a first attempt at

simplifying the model, it can be assumed that the following

conditions exist during the resistance heating nhase:

D

2)

3

4)

Bridges can only occur one at a time, and
their location of formation is determined

by randem distributioen.

Opposing protuberances are ""mirror" images
of each other, such thatr physical dimensions
and azlignment are identical as the platen

advances with time.

The physical dimensions ¢f the contacts
will be small with respect to the overall

link dimensions.

3ridges will be formed and broken at such
a rate that continuous conductive heating
of the abutting surfaces will take place.
The areas adjacent to the contact points
will develcp isotherm patterns which; with
time; will oregressively overlap each other
(Figure 3.4), constantly increasing the

average surface temperature.
During this phase, the platen motion will
occeur at such a rate as to provide suffi-

clent heating *ro bring the required amount
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of material up to "burn-off" rtemperature.

&) The arcing that occcurs after the metal
expulsion provides some heat inmput to the
system but it will be neglected due to

its complexity.

A valid model, 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 imicial model would

assume radial heat flow, as shown below,

A\z
b4

. (20)

and whose solution would be of the form:

. 2

_r

3 e LKt

T-T, = -

3

cCp (2 TKC

= X* 4+ v¥v* 4+ 2z?

The problem with this model is that)since the point source
is randomly located around the workpiece surface at a very

rapid rate, the tewperature profile of the suriace becomes



very complicated. Within a very short pericd of time the
isotherms 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 effect is to
rapidly raise the surface tewperature to the desired gradi-
ent; the individual point sources would eventually aporoach
the equivalent of a moving planar heat source acting at the
su;face of the workpiece: This quasi-stationary state would
exist when the abutting surface's average temperature has

reached the approximate melting temperature of the anchor

link material.

An over-simplification 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 momentarily:

1) Heat is supplied instantanecusly ta <he

entire tvar end surface,

2) DBoth ends of stock make complete intimate

contact.

3) The closing/upsetring platen motion has
zero velocity at the time of the heat
source application (stationary heat

source)

-

These assumptions would allow the cumularive effect of the

numerous point sources to be summarized into 2 single large
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heat source at a later stage of the actual process.

would establish a new time zero im the model.) The specific

. . . . 20
solution to the preceeding problem is as follows:( )

A
/

0 = Plane of heat source location

Assumptions:

1) Heat is supplied instantaneocusly and

uniformly on a plane;

2) Heat flows only in the direction normal

to the plane whers heat is supplied

Solution:

Because the end

e p 2 T K C

heat suppliad per unit srea

result of this phase is really a quasi-

stationary thermal state, with the average interface temper-

ature zpproaching the material's melting point, the relative

importance of this portion of the welding process was ra-

examined: OZF all the variables present during this phase,

the one which most iniluences the gquality of the end-product
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nas been shown to be the flashing voltage. This voltage
should be kept at a minimum to reduce the probability of
produciné large craters near the zbutting surfaces. Since
the actual heat transfer méthods do not significantly effect
the overall outcome of the weld quality, this phase need not
be modeled. The impact of not including this porction of the
heat transfer process would not result in an unrealistic
model, and at the same time: would greatly simplify the

modeling task;
Phase III

The early stages of surface melting and the de-
velopment of a stable temperature gradient are the major
components of this; the third phase of the heat transfer
process. During this phase the quasi-stationary temperature
gradient, wﬁich 1s so important for the production of high
quality welds, is developed as the burn-off of stock
material takes place. The platen flashing pattern notion,
combined wich the controlled burn-off, results in & ccn-
stantly moving heat source which manages to produce sufficient
heat input to counter-balance the heat flow out through the
grips. Welding parameters are preselected such that the
anchor link material will attain a temperature profile which
allows a‘specified amount of material to be heated above the
required forging temperature (see Figure 3.5). By doing

this, the required upsetting forces are decreased and
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adequate upset distance can be obtained to ensure a good weid
line. This requirad stable temperature gradient can there-
fore be wodeled as a heat conduction problem in a2 quasi-
stationary state since the.platen and; hence, the ovlanar

heat source are both moving (due to burn-off).

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 consists ¢f 2 moving planar heat source
" located in the bar stock. The following assumptions are

pade for the analysis:

* Size of the heat source is small with respect

to the chain link overall dimensicns.

* The chainlink material is wniform and isotropic
in the thermophysical properties.

~* The moving heat source's intensity is cou-
stant with time. This is an over-simplifica-
tion, which will be addressed latar.

* Conduction is the only mode of heat transfer.

* The heat source is moving either at a constant
velocity, or at constantly accelerated motion.
* Thermophysical properties are independent of
ﬁaterial temperature.
The above assumptions are not unrealistic, with the exception

of the comstant intensity Rheat source, and they offer a means
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of simplifying the heat flow model. The model can be shown
as follows:

(20)

Moving Planar Heat Source

rd

Q Q

< C =

< £ >

0: Original point where a heat source starts

P: Location of the heat source at reference
time ‘

Q: The plane in consideration

Solutidn:
—_—— v &+ |E])
T - Tn- = ki : e 2K
Cov
where £ = X - vt

d per unit area

q = heat supplie
C time

and uni
This mecdel is not exact since in the real state the heat Ilow
is not achieved until zn infinite time passage has occured.
Another shortcoming is that the heat source actually varies
with the velocity and acceleration of the platen. For
simplificaticn, the process can be considered in a quasi-
stationary state after a reasonably short peried of time has
elapsed. A\ more realistic model of this phase will be de-

veloped in Section 3.2.



Phaze IV

The upsetting motion of the welding process is the
Zourth phase of the heat flow in the chain link. During
this phase one of two alternative paths can be followed,
depending upon the type and size of chain being produced.
Figure 3.6 depicts these available paths and shows the ef-
fect of upset current on the temperature distribution with-
in the chain link. Without the upset current; rapid cocling
rates can occur that could cause weld defects in certain
types of chain. The rapid cooling could cause a hardened
surfzace layer to be formed that would interfere with the
upsetting action. Anocther possibility is that a hardened
micro-structure 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 reascen,
the one alternative i1s to use an upsetting current to maia-
tain the desired temperature profile during the upsetting

phase.

Since during this phase the heat source can be censid-
ered as being applied at the grip electrodes, the actual
model for heat application then becomes a function of the
electrode contact shape. This shape can be a point surface
contact, a line contact or zn annulus type of arrangement.
For simplification, it can be assumed that the heating
source is a planar source located at the grips with a heat

flow perpendicular to the plane. This type of model would
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result in a stationary heat socurce located at a specified
distance from the abutting surface. Assumptions and equations
would be identical to 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 the upset phase.

If 2 large time delay is encountered before the upset-
ting begins, the weld quality can be drastically affected
by this phase of the heét'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
would not produce any additional information that is critical
to the cverall 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 undergo any appreciable tempera-
ture change‘during the platen's accelerated upsetting action.
With this assumption, the problem of inclusions and cracking

can be minimized.
Phase V

The final heat flow phase entails the actual up-
setting action which causes (see Figure 3.7) flash to be expelled.
and the‘cool down period that follows. The rapid motion of the
platen, combined with the upsetting force, causes the
aolten metal and oxide layer to be violently expelled when

the abutting surfaces of the link make contact. The
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temperature profile that exists prior te upset is very criti-
cal in ensuring that an adequate upset distance can be
achieved. Since the upset time is very short, the tempefa-
ture profile during this phase has little time to change and
influence the final weld qualiry. 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 Modeling 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-cff 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 action should take place. The size of the stable
temperature reglon allows Ior scme error.in the inirciestion of

the upsetting phase without degradation of weld quality.

Upon further investigation ¢f this phase of heat trans-
fer, it was realized that the original proposed model was a
gross oversimplification of the actual condition. The dominant
error was centered around the assumption that the heat scurce
maintained e censtant intensity. 1In reality; the zmount of

heat present Is a Zfunction of the size of the bridge contact

i

area, voltage, and platen velocity. The intensity of chis
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heat source is constantly changing and is very complex in
nature. As a simplification of this heat source, it will be
assumed that it can be modeled as an instantaneously applied
planar heat source moving ét constant velocity cor accelera-
tion. In this model the amount of heat provided by the
source will be considered to be a function of the platen
velocity and independent of the geometry-of the contact
areas}lc) This appears to be a reascnable assumption since to

maintain flashing the burn-off rate, and hence heat input,

must increase with increasing wvelocity.

Starting with the assumption that conduction is the
only significant form of heat transfer in the flashing pro-
cess, a relatively simple model can be developed which still
exhibits the basic charactericstics and responses of the

actual Zlashing process., The general equation of heat con-

duction in a solid is:(ZI)
_ (3.2.1)
5 .. 3Ty . 3 3Ty =+ 8 (o 37Ty Lup - .0 37T
s C IR Ty KT Ty gD TR T e g
where,
W. = heat generation per unit volume and time

-
1
-

(BTU / ft? hr)

1f the thermal conductivity x is assumed comstant with time,
and no internal heat sources are present, the preceeding
equation can Se simplified to:

g2 T . 3 EF . 8T < 3T (3.2.2)
5 X° 3 z

il

Y 5z o C 3t
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By considering the £lashing interface as the only heat
source it can be assumed that a temperature distribution
will only exist 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 system described by:

LT _ _arT (3.2.3)

3 X? 3t

Since during the flashing process the end surfaces of
the chain link meltr away; :he lqcation of the heat source
1s constantly moving along the X-axis; As a means of sim-
plifying the mcdel; it is more practical to relate the heat
flow to 2 moving coordinate system located at the flashing
interfzce. By defining £ as the instantaneous distance from
the flashing interface; and by letting the burn-off per
specimen at any time equal 3(:); the following relationship
can be established to relate the stationary and moving

coordinare systems:
= B(t) + ¢ (3.2.4)

With this, equation 3.2.3 can be transformed to:

: : (3.2.5
S (o 3(TTa )y oy 3 (T-T) _ 3 (T-T.)
.38 3 & 3 £ o 3t

In considering an intermedizte time (t') in a selected time

interval (0 < t' < £), it can Be seen that tHe burn-off per
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specic.n at this time is B(t'). The following formula can
be developed to show the relationship between the intermedi-

ate and final instzantaneous distances & and £°',
g' - % =3(c) - B(£") (3.2.8)

Assuming that the amount of heat dissipatiom at this interx-
mediate time is q(t'), than during a small time step dt', a
quantity of heat equal to their product will raise the tem-
perature of thematerial at a distance £ by an amount
d(T—Tu).(lo) The quantity (T-T;) can be redefined as @, and

so the equivalent temperature rise can be expressed as d 0.

Carslaw(zz) formulated a solution for a moving planar
heat source, which gives the following soclution for the tem-
perature rise at a particular instantaneous distance from

the flashing interface; (3.2.7)

¢ =CED

1 & e(t-t) q &
3 = 5- a y — dt’
2 pec (re)® A (t - £1)%

One difficulty in attempting £o solve the above equation comes
from the complexity of describing q(t'). Savage (10) assuned
that the time rate of heat input to the workpiece is propor-
tional to the heat input. Hence, &s an approximation, he

arrived at the following:

g (¢'y = oV (3.2.8)

His investigation into the area of the rate of neat dissipation

in flashing concluded that the proportionality comstant (@)
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in (3.2.8) was found to bhe;

m = 2 em pe (3.2;9)

where Oy is the temperature difference between the inictial
and welting temperature of the material. These assumptions
seem valid for the model, so they will be utilized in solving

for values of 3.

Two types of models were required, linear and parabolic
flashing patterns; In order to obtain the actual equations,
the equations for m; q(;’); and §' were substituted into EQN
3.2.7, and the final forms of the equation appear below.

Linear model

. a2 (3.2.10)
¢ - -(g +.5 Up(-t.-t. )

5 = 5 Up. em f . 4 ¢ (£-t') . at'
(i) ® o | (F-F')g

where Up is the value of the platen

constant veleocity.

- p (3.2.11)
Parsbolic model -(£ + .25 Gn(t-t’))z
s - 5 G, e j‘ . 4 (t-th) . £ ae!
(v )2 o (c-t')7%

where GD is the value of the platen

constant acceleration.

Equatioms 3.2.20 and 3.2.11 were used to develop a computer
model to generate temperature profile curves that could be

expected to be present during flashing.
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An interactive computer program, written in FORTRAN, was
developed on the basis of the linear and parabolic flashing
pattern temperature equations (see Appendix A for a complete
listing of the program and for the outputs obtained from
sample runs). The purpose of the program was to produce a
useful mechanism for determining how changes in various
flashing parameters affected the temperature 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 simplified
by assuming that all material properties were constant with
temperature. Later versions were upgraded to include the
capability ©of altering thermal diffusivity with temperature
during the process (see below for details).

The program consists of a main program and four subroutines.
The main program, called HEATCCN, regquires that the user
select the tyvpe of flashing pattern and tnen input values
for a number c¢f variables as follows {(see also Figure 3,8):

- Constant velocity, U, if linear flashing, or

constant acceleration, G, if parabolic flashing.

- Values ¢f the thermal diffusivity (of the materizl
under consiceration) at ten preselacted temperatures
which cover the range of the expectad temperatures
to be calculated by the program.

- The initial temperature, TI, which can be different

from the ambient temperature if preheating is used.
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BEGIN

COMMENTS

IND, U, G, FINAL
STEP, TI, TM,
NN, XN, XSTEP,
THERMAL DIFF.(10)
TEMPERATURE (10)

PARABOLIC
| LINEAR FLASHING T ASHING
FUNCTION (FCTL) FUNCTICN (FCTP)

. y

SUBROUTINE (INTG)

TIME, TEMPERATURE
(QUTPUT)

FIGURE 3.8: Main Program Flow Chart
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- The melting temperature of the material under
consideration, TM.

- The total time interval from the start of
flashing, FINAL, for which calculations are
desired.

- 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 £lashing
interface are determined by the value of the first
point's instantanecus distance, XN, and their
uniform spacing, XSTEP.

All required numerical integrations are performed by
the integration subroutine INTG. The calculations are made
by means of the ten-point Gauss guadrature formula.(ZB)

“he program allows for the temperature dependence of the
material thermal diffusivity, on the basis of an iterative

(24) In the input phase of the computer

process, as follows:
program ten values of temperature, ranging from the ambient
temperature to the material's melting temperature, are read
in. Following this, ten values of the material thermal
diffusivity, corresponding to the ten temperature values,

are also read in. From these data, 1t is possible to evaluate

the thermal diffusivity at any temperature with the aid of

FILLIN, a parabolic interpolaticn Zunction. The calculation
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starts by assuming an initial value Zor the thermal diffusivity
equal to that corresponding to the fourth input temperature.
Using this wvalue, a first approximation of the temperature at
+he desired location is calculated. This temperature is then
compared with the initial gquess {the fourth input value for
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 1s both displayed on the terminal
and written on a data file for post processing.

3.3 Comparison of computer model output to experimental data

In order to evaluate the wvalidity of the heat transfer
model that was develcoped, it was necessarv to compare the
computer model cutput data with known experimental results.
A literature search revealed that_considerable data was
available from flash-butt welding experiments conducted by

(25) The experimental work had been

Nippes and others.
vperformed on AISI 1020 steel, and at various platen velocities
and accelerations, Because of the availability of this data,
it was decided to duplicate the experimental conditions

within the model as best as possible, and to evaluate the

accuracy of the cutput.
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Computer runs were thus made using the following
conditions:

Flashing velocities: 0.074/0.144/0.326 {in./sec)

Flashing accelera+tions: .004/.01/.02/.04/.1/.9 (in./secz)

Instantaneous distance from interface: .05-.45 (in.)

Temperature range: 80 - 2750 (deg. F}

The model also reguired 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 tc constant velocityv, or acceleration, and then
solving for 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
aprropriate time.

Since the program allows for the independent selection
of the integration time step by the user, it was important
to determine what requirements or limitations were associated
with this variable. Too large a time step could result_in
inaccurate temperature values, whereas too small of a step
would lead to inefficient utilization ¢of computer time.
Several test runs were conducted on the constant velocity
model by varying the time step while holding velocity, total
time, material properties, and initial temperature constant.
No significant changes in the temperature output readings

were observed cnce the time step was assigned a value less
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than 0.05 seconds (see Table 3.1).

Similar test runs with the constant acceleration model
were not 3s conclusive, since the temperature output appear-
ed to oscillate throughout the range of 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
(1550-2750°F), an integration time-step of less than .05
seconds again achieved consistent readings. Based con these
two results, a decision was made to conduct all test runs
at a time-step of .0l seconds to ensure adeguate integration

acouracy.

Since the normal temperatures profile during flash weld-
ing shows such a steep rise during the early stages of burn-—
off, some difficulty was anticipated in trying to correlate
the model output and experimental data within this range.
Since a smazll error in time selection could cause a consid-
erable error in the temperature output, and because cf the
lack of actual data peints in this area, it was decided to
first test the model at a later stage of flashing. Savage(25)
had concluded from nhis experiments on constantly accelerated
platen motion that a fairly stable temperature distribution
was established in the weld specimen after a burn-cff cf
about 0.45 inches was acceomplished. For this reason, the
computer model was run at the appropriate times for the

selected velccities and accelerations, to correspcnd to a

burn-of< of 0.45 inches.
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TABLE 3.1

EFFECT OF INTEGRATICN TIME-STZ

Temperatures at

Integraticn Instantaneous Distance
Time-Step _ From Interface (in.)

(sec.) .05 .15 .25 .35 45
.01 2209 1564 1164 886 680
.025 2210 1564 1164 886 680
.05 2206 1361 1162 384 678
.10 2179 1536 ills 886 681
.25 2294 1399 1090 835 6438
.30 2191 1464 1107 851 664

1.0 1942 1350 1081 840 656

V= .074
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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
changes in diffusivity had upon the output temperature.
Various values of.thermal diffusivity were run, and the
results indicated that the use of an average value would
not result in accurate output data. Because of these
observations, the main program was modified to accept ten
values of thermal diffusivity and interpolate for the correct
value based cn the calculated temperature.(24} Test runs
with these modifications resulted in closer correlation
hetween the model and given data, but sizeable differences
still existed, especially at the larger instantaneous
distances Ifrom the moving interface.

Further test runs revealed that the calculated values
of temperature were strongly influenced by the value of
parameter FINAL, the total time interval from the start
of flashing for which temperature calculations were desired.
In 2ll previous computer runs, calculations were always
rverformed until the TFTINAL time, with temperatures for
intermediate time instances been read from the resulting

output file. However, when comparing these intermediate



values were always lower than the others (composite time
curve in Figure 3.11). As a consequence of this chservation,
the mathematical model was re-examined. It was revealed
that the latter appreoach 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 computer run would have to be
conducted for each data point using the respective burn~off

time as the integration end-peoint (FINAL).

Test runs were conducted at three constant velocities
(.074, .144, .326 in./sec), and in each case, £five instan-
tanecus distances from the interface were studied. These
model outputs were compared with the experimental data,
and a sample comparison of the resulting temperature pro-
files appears in Figure 3.12. As can be seen from the figure,
the prover trends are followed by the model, but the actual
temperature readings differ by varving degrees of accuracy.
The curves are in closest agreement with shorter instan-
tareous éistances and intermediate velocities. From these
outputs, it can be concluded that the model, in concurrence

with experimental Zata, exhibits the following trends:
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1L As the velocity of the platen increasaes,
the temperature profils decreases zat each

speciiic point.

2) As the instantaneous distance from the
interface increases, the scable tem-

perature profile decreases.

Cne inconsistency that exists in the linear model is the
fact that at very small distances from the interface (i.e.,
less than .05 in.), temperature fluctuations occur which
indicate that the model may not be applicable to the area
close.to the interface. Possibly at these small distances
the planar neat source model is inadequate to account for
the arcing that occurs at the interface after metal expul-
sion, as well as for any additional heat input that may come

from the surrounding activity.

Hy

The experience gained from the trial runs of the

ic flashing

'-..l

linear =model was used to medify the parabo

3

pattern model prior to conducting any trial runs. Once
these alterations were made to the programs; data runs
were conducted at the earlier specified constant accelera-
tions. The output from these runs, which were calculated
over a temperature range of 80-2750 (deg F.), showed
litcle correlation to the experimental temperature values.

The calculatad temperature values followed the opposite

trend of experimental datz in that as the value of constant
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acceleration increased, so did the temperature of the
specimen. In addition, the model generatad temperaturas
which were tco low at some burn-off's, and scometimes too
high at other burn-off's., Because of this tendency, and
also due to the fact that the parabolic wmarth model was moré
sensitive to the integration time-step, additional tests
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 sstab-
lished from the testing was that just as with the linear
case, the model could not hold up for points too close to
the interface. For this reason, the values at a distance

of .05 inches were discounted as being invalid.

By neglecting the very short distances from the inter-
face, a more favorable pattern could be seen in the tem-
perature profile with increasing zcceleration. Table 3.2
shows that at very low accelerations the improper tempera-
ture trend was exhibitad at a further distance Irom the
flashing interface. As the acceleration increased, tore
annd more of the calculated temperature followed the correct
trend. Even with the proper trend developing, the tempera-
ture values were not agreeing with the experimental data.
To check to see if the fault was with the model not being
appropriate for large turn-off, several additionel rums
were made at very low burn-coff (.00625 - .025 inches). The

results from these data collection runs revealed a similar
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TABLE 3.2

ZFFECT OF ACCELERATICN ON TZMPERATURE DISTRIZUTICH

CONSTANT TEMPERATURE AT
ACCELERATION VARIQUS INTERFACE DISTANCEZS (in.)
(in./sec?) . 0S. .15 .25 .35 45
.004 2750 2280 1981 1820 1722
.01 2750 2172 1859 1718 1635
.02 2750 2033 1764 1641 1586
.04 2725 1882 1866 1585 15359

.1 2450 1712 1578 1553 1551
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trend wnich indicated that the temperature calculation was
' more strongly influenced by the acceleration than the
burn-off.

As another check om the parabolic model, an average
velocity was calculated intermal 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.
It was also noted that very small changes in the upper in-
tegration time could cause large 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 lSSOoF; the parabolic meodel 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. Rumnning both
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the linear and parabolic models within the c¢hain Zfabrication
temperature range gave reasonable results, since the trends
that resulted were in agreement with Nippes' work, (see Figure
3.13). It was not possible to evaluate the accuracy of these

r4

calculations since no experimental data existed for these

temperature ranges.

Conclusions

The heat flow model was developed upen the basis that
all the heat transferred to the bar stock during flashing
was accomplished by conduction; From this point it was
assumed that the heat source could be modeled as a quasi-
stationary planar heat scurce moving at either constant
velocity or acceleration; As has been exhibited by the
cutput from the many sample runs of this computer model,
the actual heat transfer process is much more complicated.
The present mecdel over simplifies the conditions, and is
very vulnerable to problems generated by the numerics

within the model.

Wide variations in temperature can be obtained by
changing time-steps, final time, the specimen temperature
rise, and other parameters. Within a specific temperature
range (1550°- 2750°F;) both models appear to give fairly
stable autput, but at-other ranges the aodel (especially
the parabolic flashing) falls short in data correlation.

The linear model shows the best agreement, but this is
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limited to intermediate distances Zrom the Ilashing inter-
face. At distaﬁces.greéter-thén ab;ﬁt ,ES.iﬁchéﬁ the model
exhibits a rapid temperature decay which disagrees with

established data.

Cne of thedifficulties 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. Thesé complexities add to thé Giffi-
culty in trying to model the interface conditions.

-Another problem with the model is that the parabolic motion
cannot be accurately modeled by a quasi-stationary heat
source. Since the heat flow is so rapidly changing with
the accelerated motion: the.modeI cannot adequately develo?
thé proper temperature growtﬁ'raté which occurs under real
conditions. For these reasons, the present model has

limited use, in a restricted temperature range.

A much more complicated model could be developed, one
that may consider the individual point heat scurces that
randomly appear over the surface during flashing; A model
cf this type would entail extensive effort and even then
the value of its results may prove questionable. 1In the
flashing processi there are so many variables that even a
very involved model may still give unsatisfactory results
when compared to experimental wvalues. Slight incomsisten-

cies in the material properties or welding input variables
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could drastically change the real life output from the

anticipared amodel values.

In conclusion, there appears to he little advantage in
developing a decailed model of the flashing process since
no matter Aowdetailed it becomes, its output will not ex-
actly match the experimental 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 moniteoring devices
to better control the process. The main objective is to
develop a quality product; and this could be better achieved
through improved production and quality assuraznce, than

through system model development:
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4. Strategies for In-Process Sensing and Control

4.1 The need for sensing and control

The factors affecting flash welded anchor chain were
identified earlier in Chapter 2. In order to produce a
sound, reliable weld, these parameters must be adequately
controlled so as to keep them within the established 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-automatic 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:(zy)

Economic:
* Lack of adequately trained and skilled

personnel

* Inefficient use of labor force during
equipment change outs and short produc-

tion runs

* Reduction of lzbor intensive fabrication

methods



Social
* Reducticon of moncotonous, tedious work

tasks

* Tlimination of noisy, unhealthy, stress-

ful working conditions
* Easier control of envirconmental conditions
Technical
* Adherence to stricter safety standards

* Improved product quality due to reduction

in manufacturing errors

* Greater standardization of outnut by
elimination of human subjectivity during

production process

* Reduction in time regquired for measure-

ments and other tasks.

The overall cbiective of this increased automation is to
reduce the non-productive time of the work cycle (Figure
4.1), and hence increase the overall system productivity.
With advances in the field of sensor technology, consider-
able gains should be able to be accouwplished in reducing
the operating time of the newer programmable manipulation
devices:
Of the machines that are in operation today, the

majority of them are more programmable than automatic i
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/ ENTIAL OPERATING TIME
. //////////////////////
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NONPRODUCTIVE TIME
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FIGURE 4.1 Typical automated production work cycle
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nature, since they can only reproduce the welding paramerers
which have been programmed info the machine. Optimum weld-
ing conditions have been determined in advance, ‘rom past
practice and experimentaticn, and these values are used as
the program inpucts. Once a welding operation is starrted,

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 manufacture. Since there is no '"feedback' to the
machine, no self-compensation can be made to make zllowances
for certain peculiarities that may exist in the particular
piece being welded. Due to this system inflexibility,

every chain link is welded under the same input parameters
which assume ideal conditions. Slight wvariations in certain
parameters of the bar stock (i.e., cleanliness of the bar
stock abutting surfaces) can cause the resultant weld to
exhibit varving quality from link to link. As a result of
the lack of adaptive controls on these machines, their
reliability is degraded and will vary with the type of

material being welded.

On many machines the only adjustments that occur are
the initial zercing out of the welding machine prior to
setting in the welding parameters for the new production
run. Even under these limired adjustment and control con-
ditions, fairly good welds can be achieved during normal

operating conditions. Depending upon the type of machine
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being used, and the concitioms of the bar stock Deing weld-
ed, the weld reliability can be quite high (i.e., 90%+).
In many other manufacturing processes this might be an
acceptable reliability,beéause 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 neormal
production 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 strength
2) Fabrication cost
3) Production time

4) Quality control

All of the aforementioned can be linked directly with the
process zeliabilitcy. A very high reliability must be
achieved in the welding prccess and this same quality must
also be reflected in the post welding phases; flash removal,

stud insertion, stud welding, heat treating, and inspection.
Presently, industrial and research organizations are
very interested in developing higher reliability, in =any

types of automated fabricationm, through the utilizaticn of
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stata-of-the-art electronics. In recent years, the lack of
suitable measuring procedures and systems has increasingly
placed a restraint on the develcpment of automation. One

of the major‘obstacles has been the machine's inability to
duplicate the human sensory faculties, and hence, the "auto-
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-

(27)

zing tasks, such as visuai inspection. This is but one
example of a measuring system, which is generally caregoriz-
ed as pattern recognition, others being measurement of

sound and touch. Pattern recognition requires mere than
determination of measurement values; it requires decision
making, and, therefore, some type of intelligence. These
"intelligent” measuring systems represent tﬁe m&st recent
developments of measuring technology and hold much promise
for the future. Since the objective of all manulacturing
systems is to produce high quality items in desired quanti-
ties, it will remain the task for the upcoming measuring
technologies to provide the information necessary Zor op-
timizing the production process. This information will have
to be fed back continuously to the manufacturing equipment

(28)

to guarantee quality products. The basic principles
of optical, acoustic and tactile transducers will be studied
and the possibilities and limitatioms of intelligent sensor

systems for anchor chain fabrication will be reviewed.
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4.2 Types of senscr and control esguipment available

A relatively new field of industrial measuring technol-
cgy has developed in recent years, which deals with the
overall measuring process during an industrial cperation.
As described by Hart(zs), the industrial measurement vro-
cess can be broken down into two types of operation; <con-
tinuous and discontinuous. The continuous operations, which
usually deal with process measuring techniques, such as
process analysis and control, are relatively simple to
handle. Input values are given to the equipment and then
these wvalues are monitored and adjusted throughout the pro-
cess to keep them at their pre-programmed levels. This
area of measﬁrement techniques is quite well established,
and most present- day automated Weldlng equlument utilize
these met&odg-té control the Lnnut Weld"ncr pafametefs The
major shortcomings in measurement technology occur during
the discontinuous production measurement phase, where tasks
such as quality assurance and producticon control are re-
quired to be performed.. These tasks are very demanding,
and in many cases they require optical, tactile and acous=-
tic sensing. Over the years, engineers have equipped auto-
matic welding machines with rudimentary sensing capability
to replace human faculties. Many of these techniques are
still in their early stzges of development, and it is in

this area that the problems arise in measurement technology.



118

There are many types of sensors and centrols under
development, and in use today, which are attempting to deal
with these wmore complicated task requirements. Since the
measuring variable they are trying to determine cannot
always be described by a physical unit, or the result ex-
pressed as a single number (such as in quality acceptance
standards), the task becomes quite complicated. In order
to arrive at the desired result, both an information pro-
cessing and discrimination phase are necessary which,there-~

(27) The

fore, require an inctelligent measuring system.
system will require the capability to decide between dif-
ferent 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 sensors wnich can obtain information frem the
chain manufacturing environment and relay this data te a
processing stage which can, in turn, make adjustments to

the manufacturing sequence by means of a closed feedback

loop (see Figure 4-2).

Even within the sensory tasks there are different de-
grees of complexity with which we can dezl. The simpler
senscrs may only be required to perform binary decisioms,
such as yes/no or on/off. A more complicated senscor may

have to measure part size, and an even more cowplex sensor
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would be required zo perform tasks of pattern recogniticn.
As is the case with most automated manufacturing orocesses,
the sensor tasks required during the flash welding phase
mainly occur during the chain and link manipulation and
movement. In a completely autcmated chain production pro-
cess various types of sensors would be needed to monitor
the entire preccess, ranging from the simplest to some of
the most complex in nature. The various types of sensocors
will be examined to see how they may be adapted to the task

at hand.

4,2.1 Optical transducers. 0f all 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 semses by an order of_magnitude,_gnd.far ex-
ceeds his audio sensing capabilities.(27) For this reasomn,
the trend in modern sensor development has been to favor
optical and image sensing methods in the hopes of achieving
the accuracies needed for the control systems. Many kinds
of optical sensors have been developed and zare being
utilized in various industrial processes. Some of the most
important tasks of an optical sensor arerto determine the
position of a workpiece, marking, measuring and tracking.
These senscrs include cptic fibers, lasers, television and
other optical imaging systems. Thz laser and optic fiber

sensors are readily adaptable to measuring and alignment

tasks, wnich they can perform quite quickly and with great
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accuracy. These sensors could accomplish several Deasuring
tasks which could be required during the chain fabrication
process Lo ensure that chain quality and specificactions ara
met, Scme examples incluae, but wculd not be limired =a,

the following:

1) Bar stock link length (unbent)

2) Bar stock link length (unbent, preheated)
3) Upset distance

4) Abutting surface alignment

5) Stud length

6) Chain length over a specified number of links

Many other measurements could also be cbtained by optical
sensors, but some limitations on their application can be

imposed by the working environment.

Optical sensors have a tendency of working very well
in a controlled lzboratory setting, 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 majeor obsta-
cles in the implementation of these techniques into indus-
trial production methods. Welding environments demand a
lot from sensors; since these instruments must face smoke,
dirt, electrical interference, continuous usage, radiationm,

neat, and operator wmistreatment. Even well-built sensors
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must be prudently maintained and properly located to en-
sure that adequate performance can be obtained. Hence,
meny users prefer sensors that do not contact the workpisce
since this offers the adv&ntage of covering a wider area of
sensing resolution tﬂén can be obtained from a single-

(29)  Another benefit of the noni-contacting

point contact.
sensors, such as optic, is that the instrument is subjected

to less mechanical misalignment, damage and wear.

4.2.2 Cptical image processinz. Zven with all of

these obstacles, many achievements have been made in the
uses of the more complex sensors. The main task of the
image sensor element is to convert a three-dimensional
optical picture into a time sequence of electrical signals
which can be understood by the control system. The image
sensing equipment is very important since it is the direct
link between the industrial operation that is being per-
formed and the information processing system. The most
commonly used sensors of this type are various kinds of
television cameras. The distinction between the different
tvpes 1s based upon the kind of sefising element that is
employed. Different sensor elements such as Sba2Ss, PHO,
and Si, are suitable for different detection tasks. These
elements also allow for a wide range of conditioms within
which these cameras can be effectively utilized. In a

visual sensing system, it is usually criticel to escablish
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suitable lighting cenditions in order to clearly define the
light and dark areas which will simplify the recognition

(30)

process.

Once the camera or other appropriate sensor has picked
up the image, the system must process this information so
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
the system's memory. This image must be converted by the
sensing element to analogue video signals and then to con-
tinuous digital signals (A/D conversion), which can be used
by the system's picture processor. The processed informa-
tion is then passed to the mini-computer for comparison
and recognition. The key to a successful system is there-
fore the ability to establish good reference patteras in
the memory bank, which can bYe readily accessed during the
manufacturing process; The easier it is for the system to
learn reference patterns, the more flexible the system be-
comes in being able to more quickly adjust to changing re-
quirements. In industrial production there are many tasks
where the recognition system must adapt itself very rapidly
and at low cost to changes that are imposed. Such would be
the case in welded chain manufacturing where the image being
comparad could range from the acceptable dimensions of the
finished link to the comparison of the actual flashing

action to the stored "ideal" conditions. All of rthese
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jmage $ensoTs require considerable memory SLOTAE® and,
cherefore, dicrate tne use of microprocessors and computers

wirh sizable memory cepabiliries,(see rigure 4.3)-

cne of the DCTE complicated aspects of image sensing
and processing is the creation of a reference image that is
adequately described tO allow for propeT recognition
characteristics. The user fixes the object, or specific
faatures, in the systed memor§ by_describing it in as de-
railed a manner as possible. Sometimes several views of
the object are required tO completely define the 1mage:
In some processes the reference pattern czn be moTe easily
established:by cracing alcng an'actual drawing ©f rhe com-
ponent (such as is done in CAD/CAM.applications) and having
rhis data read into memoTy ©O De used as & data haseline.
Where the object being viewed perely has ©o qeet scme mini-
qum 0T maximum dimensions, and it 1s fairly gimple 1 de-
sign, apncther method of recognition can be used. In these
cages, & gethod of masking can be used, wheteby the optical
sensor can detect if the component dimensions 1ie outside
the acceptaﬁle limits (see Figure 4.4). This 1s ugsually
sccomplished by providing 2 photographic £i1m overlay te
the optical §ensor, which establishes the acceptable/un—
acceptable raznges OT dimensions.(27) A masking merhod is
usually quite good zTor repetizive production, bur it is met
readily adaptable tO small 1ot/ varying size production Tuns.

Wwith any of zhese rechniiques, once the data pase has Dbeel

Wt
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input and favorable results have been obtained, this sen-

sing system can be integrated into the manufacturing pro-

Cess.

Optical image sensors can also be used to perform tasks
other than part measurement, placement, sizing, and shape
distinction. Possibilities exist to utilize these optical

techniques to perform other tasks such as:

1) Temperature measurements - by recognitionm of

the actual coclor, or the infra-red signal

that is generated.

2} Stress measurements - by using the imaging

techniques in conjunction with moire choto-
graphy to study welds at high temperatures
(strain distribution).(Bl and 33) "Another
means of high temperature thermal strain
measurement is through the use of laser

(33>

speckles,

32 NDE of magnetic particle and dye penetrant

tests - by comparing the optical image of
the tested parts surface to established
acceptance/rejection criteria. Through
pattern recognition, flaw concentration
measurements, and critical flaw length data,
the parts' quality could be evaluated during

the on-line process.
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These are only a few of the nany areas where these optical

sensors could be of use in an azutomated chain productien

system.

4.2.3 Acoustic semsors znd siznal processinz. JAcous-

tic sensors are presently less commonly used during the in-
dustrial process because of their lower reliability and
accuracy when compared te the optical and tactile Sensors
available. These sensors tend to be more difficult and
costly to develop since acoustic sensing and signal pro-
cessing is quite a complex and relatively young technology.
Acoustic sensors are more prominent in quzlity and non-de-
structive testing (NDT) procedures, where the environment
can be more stringently controlled. Most of the accustic
testing procedures use airborne and structure-borne sound
signals in an attempt to drazw conclusions about a system's

.

production quality.(zg) Similar techniques have been used
in evaluating the operating condiricns of machines and
manufactured products. The latter procedure réquires that
an acoustic data baseline exist for comparison purposes.
Two methods of acoustic testing exist, active and passive,
The passive methods are based on the analysis of the eguip-
ments self-generated noise, whereas the active method

studies.the oscillation behavior of the ccmpoment due to

an extemnally induced sound signal.

Most NDT wmethods are intended to derect internal Flaws

that are likely to cause fatigue or static load failure,



These tasts are performed on work in progress so chat de-
fective parts can be rejected early, thus saving addictional
expenditure of money and effort. The zests can also Se
performed on used componeﬁts during disassembly of equip-'
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 follewing areas:

* Production faults

* Excessive noise production

* Damage to subassembly components
* Operational faulrs

* Discontinuities in materials

Some of these successful tests have been adopted to the
industrial énvifonmént,lbuc.others have only had limited
application outside the laboratory. As ié the case witl

2ll sensors, the work environment of =z welding, fabrication
facility places a tremendous strain on the sensors capabili-
ties, and considerably degrades their reliability. One
major impact on acoustic sensors has been the high ambient
noise level that is present in industrial activities. These
conditions require that extemnsive noise filtering and sound
isolation requirements be imposed if the sensors are to be
able to perform properly. Because of these difficulties

and accuracy limitations, rapid development and industrial
implementation have not occcured zs with other types of

5€nsors.
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Ultrasonic metheds of flaw detection can be used on

all metallic materials. These methods rely upcn Che trans-
mission and reflection of ultrasonic bSeams. Refleccticn
will occur at surfaces, such as caused by cracks or voids.
The sound beam is converted into an oscilloscove trace,
video terminal, or graphic plot for convenience of inter-
pretation. In transmission methods, separate transducers
are used for sending and receiving, and the interposition
of a defect results in abnormal abscrption of the beam.

In the reflection technique a single transducer is used on
the speimen. The presence of a reflecting surface, other
than the member's far surface, causes an intermediate peak
to show on the signal trace. Ultrasonic testing (UT) tech-
niques are useful for detecting cracks, voids, and defects
both on and far below the surface. They require operater
skill and care in their application and interpretation,

and this is why there is a tvend towards autcmating the

, (34)

procedure (NDE Various ultrasonic technigques are

shown in Figures 4.5 and 4.6,

In the area of NDT, the success rate of acoustic sen-
sors has been considered to be questionable. As mentioned
earlier, discontinuities can be located in a aaterial,
such as a chaia link, but the degree to which these defects

can be found rests in the quality of the acoustic test

equipment and the angle of incicence that exists between
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the transmitted sound wave and the axis of the defect. In-
strument sensitivity adjustments can be made, but this can
lead to erroneous fault detectiom. As an example, in a
series of ultrasonic tasté performed on samples of 4-3/4 in.
flash-burt welded chain, Battelle Laboratories(s) noted
that a number of defects were acoustically detected at the
flash-weld area of all samples. Further microscopic in-
vestigation revealed that the majority of these flaws were
the result of false ultrasonic indications. The Battelle
report concluded that the use of acoustic devices for de-
fect analysis (as they existed in 1977) was not reliable,
and in general, acceptance/rejection decisions should not
be based on their test results alone. Since these kinds of
errors could result in the rejecticn of satisfactory chain
and also decrease productiviﬁy. it was recommended that the
UT requirement be eliminated Zrom any specificaticns on
welded chain, and that testing by other more reliable NDT

methods be substituted.

In contrast to the Battelle report, Det norske Veritas
(DNV) issued technical report No. 713525¢33) on the speci-
fication for the ultrasonic examination of welds in chain
links in the same year. DNV called for the utilization of
the ultrasonic shear-wave technique in which the beam enters
the specimen from the side at a 45-degree angle, and also
requlires a corresponding 45-degree transducer nead (Figure

4.7). The shear-wave technique was selectad because it



lends icself nicely to producticn testing since it does not
require the flash weld to be cut from the link. From these
two reports it is cbvious that there exists a difference

in cpinion on the value of UT procedures. Since both of
these reports were issued, considerable gains have been

made in sensor and processing capabilities.

Numerous activities have found success with UT pro-
cedures, acoustic imaging, microprocessers, and what is
known as non-destructive evaluation (NDE). United States
Steel Corporation, for example, test welded line pipe as
1t travels through the mill. Using 2 combination o2 flucro-
scopic and ultrasonic examination, the welds are inspected
right after they are made.(ss) The fluoroscopic inspection
detects slag inclusions, gas pores and other volumetric
defects, whereas rhe ultrasonic system detects cracks,
undercuts and incemplete penetration. Armco, Incorpcrated
has successfully used ultrasonics to examine large plates
used in shipbuilding and alsoc stainless steel zutomobile
engine valve rods.(37) The railway industry has also made
great advances in ultrasonic inspection of their contiaucus
welded rail (CWR) and long welded rail (LWR), which is PTo-
duced by flash-butt welding techniques.CBB) The rail in-
dustry also utilizes UT for in-service rail flaw detec-

tion.(Bg and 40)

4.2.4 Ultrasonics and linear arravs. Anytime a

material has tc be inspected, some of the most important
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features required of the testing procadures are that it can
be reliable, cost effective, and perform its operation at
the production speed of the manufacturing system. Time
cannot be wasted by testing delays, and production flow
path bottlenecks cannot be tolarated. There are different
ways to approach this problem; by adding more insvectors
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 will de-
rease. In the field of NDE, and in particular in the area
of ulcrasonic testing, one of the bigger breakthroughs in
increased testing speed has been brought about by the

introduction of ultrascnic linear arrays.

Lemon and Posakcny(&l) have shown that linear arrays
can be applied in ultrascnic pulse-echo imzaging because of
the added speed of inspection afforded by the electronic
control of the sound f£ield. The need for multiple trans-
ducers is eliminated and by electronically switching on
and off different elements in the array, a large section
of material can be inspected during a single pass. De-
tailed informaticn about flaws can be cbtained by the array
capturing the diffracted and mode convertad energy from
the crack. This data czn be compared (by the use of a com-
puter) to known standard flaw data which will aliow for

aucomatic characterizing and sizing of the defects.
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A typical linear array is shown in Figure 4.8. The
key parameters are: a, the width of the element:; and d,
the center-to-centar spacing of the respective elements.
Another important requirement is maintaining adequate
electrical and accustic isolation between the array ele-
ments so that they can work independently. When we are
concerned with single element sound fields (one element
transwitting at a time), the width of the element is the
major controlling factor in the shape of the pressure pat-
tern that is produced. As the width parameter 'a' decreases,
the angle ofthe pattern increases (see Figure 4.9). The
equation governing the pressure pattern for a single ele-

ment sownd field is:

P (8) = sin (7 2 A7! sin 8)/(v a A"? sin @)

P
i

wavelength

¢ = angle at which pressure is measured

Phase steering is accomplished by sequentially pulsing
the array elements and by controlling the time delay be-
tween emissions. If£ the time delay is set at half the
period, then alternate elements will be on the same wave-
front of censtant phase. The performance of the array in
steered and unsteered modes can be predicted and controlled
by knowledge of a few design parameters. 'When properly

used, arrays have significant advantages and can provide
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the means Ior achieving high speed inspections and other
ultrasonic tests not possible with single transducer

schemes.“(gl)

3y proper manipulation of scund waves, we

can generate an inspection and feedback pattern adaptable to
the material 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.

Arrays can be designed for the specific inspecticn
task and, therefore, 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 job. 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
limits, the system will accept the material. Increased in-
spection Ilexibility can be achieved by coupling these ar-
rays with other techniques, such as signal processing to
enhance the semsitivity and discrimination of signals re-

(62) In the future, many

ceived from the inspection system.
of these methocds may be combined to give more ccmpletea

testing techniques, such as the acousto-optical imaging
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system (Figure 4.11). This system obtains visual images
of defects by using sound reflected by the defect which
causes Bragg diffraction. The combination of the areas of
ultrascnic transmissicn aﬁd acoustic emission also shows

promise of yielding very successful results in the future.

4.2.5 Tactile transducers and other sensors. Some of

the earliest sensing capabilities to be used on automatic
welding and machining centers were in the area of tactile
sensors. The early models were nothing more than mechanical
guides which fcllowed the outside edge of a plate, or rode
in the weld groove, to properly locate the welding head for
the required operation. With advances in controls technol-
ogy,the capabilities of these sensors also improved, allow-
ing for the sensor to follcw a2 seam which did not have to
rely on an exterior reference. By giving the sensor free-
dom of independent motion with respect to che welding head,
mere complex patterns can be followed and successfully
welded.(zg) Corrections for the sensor motion and time
delay for the welding head are calculated and stored within
the system's memory. This allows for a more accurate weld

path to be followed (see Figure 4,12).

Ancther slightly more complex method is that of sensor
programming, which entails physically tracing out the path
te be followed. A needle displacement sensor follows the

seam and is displaced according to the seam's directicn.
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FIGURE 4.12: Seam Tracking Sensors
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Several diifferent types oI transducers can be used, includ-
ing the following:
* Potentiometer
* Linear variabie differential transformer (LVDT)
# Strain gauge

* QOptical sensors

Qf these types, the optical sensors are most suitable in the
elactro-magnetic field environment present around the weld-
ing overation. They also offer the advantages of a very

(&3)

fast response time, long life, and accuracy.

As the needle moves along the prescribed track, the
data is kept in memory and these points are recalled during
the welding operation. The programming method does have
some drawbacks in that considerable time is required to con-
duct a survey of each part, which dramatically reduces pro-

act thart,

[ 1

ductivity. aAnother shortcoming arises in the
once the orocess starts, no adjustzents can be made for
thermal distortion or part shifting during the welding

operation.

Qther types of tactile sensors can be used in determin-
ing the presence/absence of a part, and also in counting
during a production process. More advanced tactile devices
that are capable of derermining surface roughness, harcness,
and other material properties are being investigated.

These sensors will require extensive research and develop-



143
zent belore zhey will materialize in a state chat is adapta-
ole to an industrial process. AT present, most of these
desired tasks can be determined using other technigques,

which ars Dore advancsd. An sxamole is the utilizaticn of

laser optics or profilometry zc obrtain surface roughness.

4.3 Conceptual designs of adaptive control svstems

An automated flash-butt welded chain fabrication center
is necessary if the chain reliability is to be substantially
increased. With a completely automated system comes the
requirements for more complex sensors, adaptive controls and
decision-making capabilities. The types of sensors current-
ly available, or under development, have been previously dis-
cussed, and all the.pertinent production parameters were
identified in Chapter 2. In order to develop a cpnceppual
design of an adaptive control system for flash-butt welded
anchor chain production, it is necessary to identify the
following:

* Welding and fabrication parameters to be

monitored

Method to be used in monitcring the above

*

o

When during the production c¢ycle the moni-

toring should be conducted

* The means by which the individual sensors

can. be integrated into one large system,
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capable of chain procduction and qualicy

control.

Once these details have been determined, an azttampt can be
made at identifying some systam conceptual desizns which

—
™
-

seem feasible for performing the required task. or the
sake of simplifying this problem, and also reducing the
number of sensors required, only those parameters that are
directly associated with the production phase will be con-
sidered. It is essumed that appropriate quality controls
during steel production were maintained so that the initial

material properties (i.e., hardness, grain size, strength,

ete.) need not be recertified during the process.

It should be noted that regardless of the finished
product, whether it be forging billets, hot rolled bars,
seamless pipe, cold drawn bars, slabs, or plates, in order
to ensure a guality product it is necessary to maiatain
quality contreol throughout the fzbrication process. Even
if the design engineer selects the correct grade of steel,
and the steel =ill complies with the chemical make-up,
there are still problems that can occur in the steel pro-
duction. No two steel mills are alike, even 1f the two
mills make the same products to the same specifications.

By the same tcken, neither are the methods by which they

iy

achieve their desired quality level. With the exzeption o

continuous casting, the molten steel must be poured into an
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ingot mold where solidification occurs. During the cooling
process a sarinkage cavity forms which will cause defects
in products formed from the ingot, if it is not completely

removed.

In recent years, the steel industry 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 considerzbly less surface area than the finished pro-
duct, As an example, a 6"x56" billet has 228 sq. in. of sur-
face area, but when rolled to a one-inch bar it has a sur-

face area of about 1700 sq.in.(a&)

The economy is cbviously
in the examination of the billet. Further, if the billet

is faulty it can be repaired and its value retained, where-
as, the finished product might have to be scraped.

(

-y L4 . . . . .
Van Kirk ) lists the following as in-line process, semi-
finished steel inspection techniques currently in use in

some American steel mills:

1) Fluorescent magnetic particle billet testing

equicment-designed for handliag a wide variety
of lengths and cross sections in an in-line

fashion at the rate of 45 tillets/hour.

2)- Fluorescent magnetic particle billet testing

equipment-designed for handling limited size
billets but at 2 high mill rate of 180 billets/

hour.
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3} Fullv automatic electromagnetic billet testing

and marking equipment - capacity of 25-40 ft./

minute utilizing rotating eddy current sensors.

4) TFully autcmatic high speed electromagnetic

billet testing and marking machine - various

billet sizes and geometries with a feed rate

of 60 ft./minute utilizing high speed scanning.

5) Fullv automatic electromagnetic testing equip-

ment - for detecting cormer flaws in cast and

rolled billets. Automatically programs mulci-

wheeled grinding unit to remove detected flaws.

6) TFully automatic ultrasonic testing equipment -

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 successiul in conctrolling

the quality of steel delivered by the mills.

4.3.1 Monitozring of production parameters. Many of

the previously identified production parameters will not
have to be monitored because their quality assurance 1is
being considered external to the system (i.e., material
variasbles). Some parazmeters may have to be monitored
almost continuously, while others may require only a sin-
gle check. This wide list of parameters requires that;

physical, thermal, electrical, electro-magnetic, acoustic,
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and nydraulic neasursments be taken accurataly and at aizh
rates of speed. As an example of the numerous requirements,
some of the actual thermal measuring racuirements are

listed below:

Thermal Measuring

1. Teuwperature of bar stock Irom 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 flashing is complete.

4. Temperature of chain during heat treat-

ment.

These are a few of the actual measurements required. In an
effort to simplify this discussion Taﬁles 4.1 through 4.3
were developed which sncompass the summary of the system'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. Where available, in-
formation pertaining to when the monitoring should be per-

formed is alseo provided.

From the results of these tables, it is cbvious that
there exists a wide range of sensors and monitors that can

be applied to an automated flash-butt welding ocperation.
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The more of these adaptive controls that are used, the high-
er the capital investment in the system. With the increased
number of controls and sensors comes the added complexities
of programming and system integration. Not all these con-
trols are probably essencial, 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 inyestment may not be warrant-
ed. The degree to which an operation is automated should
reflect its ability to achieve the desired reliability in
its ocutput product. For the case of flash-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 for the system.

4.3.2 Platen movement control. A study of all the

process variables reveals that none of the parameters are
really independent variables. As each one changes, the
overall process is affected in scwme complex manmer. This
interdependence is especially noticezble in the area of

the flashing parameters, where the current, voltage and
platen movement are very closely related. (Platen move-
ment is comsidred to encowpass; flashing rate, flashing
time and flashing voltage cutoff.) 0Of all the parameters
that must be controlled during the flashing cperation,
platen movement is one of the most critical factors effect-

ing weld quality. Present day controls Zfor the platen
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motion are based on oredetermined rates of platen advance,
such as linear and parabolic patrerns. Because cf their
lack of ability to adjust to changing conditions, these
controls experience diffiéulty in trying to achieve high
stability flashing. The major heating effect of the flash-
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 lowering their electrical resis-
tance (decreasing the heating rate).. From this it can be
seen that stable flashing is difficult te control, and that
platen motion must be kept compatible to actual burn-off
rate to ensure that flashing can continue. If the burn—dff
rate exceeds the platen motion, flashing will eventually
cease when the gap becomes too large. The othexr extreme
results in a short circuit when the platen motion exceeds
the burn-off. In order to avoid the short circuit con-
dition many welding machines are designed with excessive
power availability and higher open circuit voltage than is

theoretically necessary.(as)

This provides the machine with
sufficient power- to expel the contacts at the expense of a
lower machine efficiency. Another disadvantage oi this
approach is that the resultant current pulse required to

eliminate the large contact bridge can cause weld defects
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and deep craters.

According to Ji-Longgas) the motion of the platen can
ve controlled such that a limiration can Se nlaced on the
size of che largest contact bridges as they ‘orm. 3y limic-
ing the size of the contacts, the flashing voltage can be
reduced. Platen direction and velccity are regulated by
the use of the current density of the contact bridges as
the controlling signal. These densities are compared to
the reference value and then the speed/direction is correc-
ted o maintain stable flashing, and to limit the power
requirement for burn-off. The instantaneous contvol 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 respomse
to react to the rapidly changing flashing proéess (see

Figure 4.13).

A summary of the results obtained by Ji-Long pertaining

o an instantaneous platen control system follows:

1) The power required to initiate and maintain

flashing is considerably reduced,
g v

2) During the mid-stage flashing vhase (heating),
the average flashing current is higher than in
preset platen motion equipment, even though
the open circﬁi: voltage has been reduced.

This increase in current is due to the louger
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bridge contact time and, hence, the overzll
heating efficiency of the flash welding

operaticn is increasad.

3) Increased workpiece temperatures can be ob-
tained (see Figure 4.14) and also the resul-
tant temperature gradient is steeper. These
factors allow feor the formation 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 greatly reduced amount of metal burn-

off.

4) In final stage, flashing is stable and free
of intermittent open circuits and shorts.
This stability just prior to the upsetting
action results in high quality welds with
lictle or no contamination.
These results are quite promising, and the advantages of
this kind of platen control system are very important 1o
developing a system capable of producing high quality

welds.

4.3.3 Conceptual model. In an attempt to comsolidare

the sensor requirewments and the associated production re-

H

[
8

quirements to an integrated system, a conceptuzl mocdel

was developed. The model, which appears in this section,
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is the result of coembining the anchor chain production para-
meters, sensors, data collection, and decision making re-
quirements into a system chat could be applied to automated
chain production. This model is not detailed, but is does
give an indication of the large amcunt of information that
must be processed and disseminated. Many of the sensors
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 ze-
l1iability through application of adaptive controls to an

automated process.

Some areas of this automated chain fabrication process
will not be easily achieved. This applies especially to
the requirements for the senscor systems, the kinematics of
the manipulation system, and also the image sensing and
orocessing. Multi-sensor controlled assembly systems are

feasible, but presently they tzke much of the technology to

}"‘.

irs present day limits. Intelligent measuring systems will

find increasing application in the automation of industrial
vrocesses, such as chain fabrication, but the ease with
which this will occur cannot be predicted. Estimates as L0
what new sensor capabilities may be developed in the near

future vary comsiderably, and delays in implementaticm

cannot be forseen.
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Ia arriving at Ihis model, as shown in the preceding
Tigures, many sources were drawn upon to determine which
tyDe oI sensors and sontrols would provide the Sest per-
fcrmance. The actual measuresments and centrols are quite
complex and further research and develcpment are still re-
quired. Some areas, such as platen moction control, show
great promise in achieving higher quality welds through
high precision controls. OQOther areas, such as NDT, still
need to be improved to enable them to be zaccomplished at
a faster rate but with increased accuracy. These develop-
mencs in control equipment and monitering devices are
giving users an assurance that cannot be gained through NDT
methods. Even though these devices are very useful, they
should not be relied upon wholly, since to get consistently

good results, quality contrel standards must be hizh.(as)
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3. Yethods to Reduce the Possibilities of

Premature Failure of Welded aAnchor Zhain

In order to be able to produce a higher quality ancher
chain, it is essential that the types of premature failufe
that can occcur be identified. (Chain failure case studies
are included 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. 1In
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 maaufac-
turer to adjust his quality control procedures (i.e., NDT)
to ensure that the proper techniques are used to detact

these anticipated flaws.

All welded chain failures are not the result of short-
comings in the chain manufzcturing process. Some failures
can be traced to the bar stock, which many are caused by
damage inflicted during in-service use. For this reason,
it is essential that the chain be inspected periodically to
ensure that no conditions exist that would cause Dremature
catastreophic failure. The inspection and testing must be

continued throughout the chain's life to determine that it
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meets minimum standards established for its use. The
following sections will investigate the causes of chain
failure and attempt to establish guidance for procedures
which should reduce the possibilities of premature Zailure

of flash-butt welded chain.

5.1 TIdentification of problem areas of chain failure

Over the years, merchant ships have had good service
performance from welded anchor chain. The British Navy has
also found welded chain to perform satisfactorily under its
operational requirements. Failures in chain cculd be caused
by fatigue, wear, brittle fracture, corrosion, ductile frac-
ture or stretching under high load conditions (see Appendix
B). Sometimes these different mechanisms work together to
expedite the failure of a part; such as with a combination
of corrosion and wear. Many times the failure is not associ-
ated with the common 1link, but rather with the connecting

links. As statad in the Nzational Materizls Advisory Board
Y

o

7 . . . -
eport (NMAB-S?I)( ), when the relative number ¢i connect-

e

ng links and common links in a chain are considered, the

|‘I|

ailure frequency of the joining cowpcnents is around
fifty times that of the common link. This dramatically
nigher failure rate is attributed tec the more complex de-

sign of the connecting link as well as to its inherent

-

stress concentrations, Chain fazilure research conducted by

(46)

Stzwn and Wheatcroft showed that =2 cost-effective
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approach to increasing overall chain reliability would be o
improve the connecting links, or to reduce the number of
connectors in the chain., Some welded -chain applications
could be modified to use longer lengths of chain, but cer-
rain shipping operations would encounter difficulty in chain

handling and stowage of long secticms.

Failure in common links account for about 17% 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 wherever
possible. The data from the reports already cited, as well
as from other sources, was studied and some of the common

causes for chain failure have been found to be the following:
1) Brittle failure
2) Lack of fusion in the weld zone.
3) Heat Affected Zone (HAZ) microcracking

&)

trj

atigue

5) Defects caused by the gripping electrodes

during welding

6) Lack of maintenance, wear and abuse

7) Corrosicn around the end of the inserted

stud, resulting in the loss of the stud

8)

rrf

~acture initiated from notches createad

during arc welding of the stud inte the link.
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As can be seen, many of these causes of failure could be
eliminated, or at least reduced, by adherence to rigid
quality assurance procedures throughout the flash-butt
'welding process, It should alsc be noted that the corrosien
problem at the stud end, and the Zracture iInitiated Ifrom
notches caused by arc welding are not failures asscciated
with the flash welded joint. Failures have alsc been re-
ported in the bar stock materizl itself due to internal

inclusions, defects, or pipes.

A, Brittle fracture

Britcle failure of anchor chain can be readily
avoided if the proper heat treatment i1s utilized after the
chain is manufactured so that adequate toughness is
achieved. In the case of flash welded chain; the chain
must be properly normalized to achieve the desired qualities,
By studying the normalizing parameters; the proper ccmbina-
ticn can be found for the specific chain link material.
(Baldt, Inc. has successfully done this for theilr produc-
ticn line chain based on studies conducted by Battelle
- Columbus Laboratories.)(47)

B. Stud induced failures

The next type of defects to be ccnsidered are those
associated with the stud insertion. Yot all welded chain
is manufactured in the same manner, and the chein desizn

varies between manufacturers. Of the mest common types in
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service, the following are the most prevalent:
1) Welded stud

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 deformatiomn. This deformation can lead to
failure, or at least cause malfunctioning at the anchor
windlass due to the inceompatibility of the eldngated links
and the windlass surface. For this reason it is important

to maintain the link's shape by securing the stud in place.

Welded studs can be inserted in various manners. Some
manufacturers weld both ends, while others'only weld one
end. The degree to which these studs are welded also
changes, from simple tack welds to full circumferential
welds. With these choices the U.S. Navy has selected to
use a circumferentially, 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 for this type of stud comnection, but results
from general investigations (such as NMAB) show that there
can be a corrosicon problem in these small crevices. Since
this is essectially a design related matter, at present the
only measures available to avoid excessive corrosion losses

are proper maintenance and preservatiom.
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failures in chain link have also been reported to have
initiated in the area of the stud weld. In many chain =manu-
facturing operations this weld is treated as a secondary
weld and it does not receive the attention that the flasn
weld receives from the testing and inspection point of view.
One of the easiest weans of avoiding these type cf failures
is to ensure that quality assurance is maintained through-
out the manufacturing process, The stud weld should be in-
spectéd (NDT) to ensure that a proper joint is formed be-
tween the stud and the link. Most of the NDT methods cur-
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 results 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 and
link, to ensure that the arc welding didn't cause any in-
ternal defects. It is also essential that no stress ccn-
centrations are formed during the stud welding which could
czuse crack iniriatien sites. With proper contrels on the
arc welding, and sufficient NDT procedures, many of these
potential stud failures can be eliminated before leaving
the plant. Periodic inspectiomns during in-service life
could detect potential problem areas early and allow Ier

corrective action to be taken.



170

The integral stud link, such as used in the chains de-
veloped by Griffin-Woodhouse Ltd, is very similar in design
to the one that is produced in Die-Lock chain. By its de-
sign, it affords the suppoft required to keep the link from
kinking, while it better avoids corrosion problems because
of its single unit construction. Again, no specific failure
data is available for this type of stud link, so no definite
conclusions can be drawn. If this chain performs like its
Die—Lock counterpaft, with respect fo corrosion resistance,
it will be easier to maintain than the welded inserted stud

chain.

€. Gripping electrode defects

Some failures have been attributed to defects
caused by the gripping electrcdes during the flash welding
phase. In these cases, several different conditions can

exist which could resulc in a defective link:

1) TUnbalanced gripping power could result in
non-uniform upsetting of the link, thereby
causing residual stress concentrations in
the strained geometry. This could be

caused by excessive wear on cne dye.

2) Burm areas could develop if electrocde con-
tact area is too small for the amount of
current being passed. 3By design, the con-

tact areas are sufficiently large, but
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flash welding dies tend to wear causing
the contact area to decrease. These re-
duced areas, in combination with dirt and
flash that beéome embedded in the dies,
tend to cause local hot spots and die

(11)

burns. These burn areas will be very

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 periodically through-
out the process. The frequency of inspecticn would vary for
different chain sizes and materials, but it should be selec-
ted so as to ensure that the proper pressure and contact are
present on the dyes. This requirement might cut into pro-
cuction time, but the benefits that are gained in chain
quality will far outweigh production losses. Even with the
dye inspecticon, the link surface areas that are gricped by
the dyes should alsoc be inspected for burn marks and indica-
ion of dye slippage (i.e., grooves, scratches), If bura
marks continue after the above procedures are followed, the

possibility of inadequate dye design should be investigated.

D.  Lack of fusion in the weld zone

Incomplete fusicn can be caused by insufficient up-

setting force or distance, and also by unfavorable tempera-
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ture distribution at che weld interface. These problems have
resulted in some flash-welded anchor chain failures. Similar
problems were encountered in the railway industry during the
production of their continuous welded rail (CWR). Even
though the failure rate for flash-butt welded CWR was con-
siderably lower than any cther method, (0.0043 failures per
100 weld years), many of the failures that occurred were

linked to incomplete fusion.(aa)

As discussed in Chapter &,
there are ways of avoiding this lack of fusionm through moni-
toring and sensing devices. Additionally the suggestiom of
an instantaneously controlled platen motion could feasibly

eliminate the unfavorable temperature distribution and up-

set distance.

Another method that has been successfully implemented
by the rail incustry was a modification of the flash welding
equipment to ensure adequate upsetting force was available
when needed. During the production of CWR for a South
African railway, it was discovered that incomplete fusion
was occuring at the flashing surfaces-(ag) Further investi-
gation revealed that the welding machine did not have a
smooth encugh transition between flashing and upsetting.
Since the main upsetting actuator operated by means of an
air-hydraulic intemsifier unit, it was found that there was
insufficient eir in the piping system to act on the intensi-
fier. This caused a slignt hesitation in the application of

the upsetting force, resulting in defect formation. The
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problem was alleviated by the installation of an air flask
which was capable of supplying the instantanecus volume of
air required. Various welding machines centrol the upset-
ting operation by different means, but this particular solu-
ricn shows the importance of the smooth transition required

between the various stages of the overall process.

The Soviet pipe manufacturing industry has also devel-
oped an approach to reduce the amount of incomplete fusion
found in flash-butt welded specimens. Researchers at Paton
Welding Institute developed a method of vibrating the work-

(50) Since the

pisce to help the fusion of the interface.
heat for flash welding comes from the impulse flashing of
the work pieces as they approach each other, the reseaxchers
found they coculd achieve optimum electrical resistance by
vitrating the workpieces (see Tigure 5.1). A& servo-control
system automatically regulates the mechanical vibration at

a frequency and amplitude that produces a stable cizrcuit
impedance. These contzols therefore produce a uniform heat-
ing of the workpiece surfaces. Using this method; incem-

sete fusion can be greatly reduced, if not eliminared

o
[t

completely.

£. HAZ Microcracking defects

Overheating during flash-welding can cause problems
in the HAZ, such as fissuring at the grain boundaries..

These defects are associatad with uneven temperature distri-
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bution resulting in high temperzture regions which are sus-
ceptible to microcracking. Proper controls and quality
assurance can eliminate most of these defects, and combined
with adequate NDT those that do occur should be detected
before the chain is placed in use., New improved control
methods, such as the instantaneocus platen motion control,
result in the formation of a more uniform temperature dis-
tribution and alsc a smaller HAZ. This will result in the
reduction of occurence of overheating conditions and, there-
fore, reduce microcracking. A similar result would be
achieved by use of the Soviet welding method discussed in

the previous section.

F. Fatigue failure

Whether or not fatigue poses a problem in U.S.Navy
applications is a question that has not been completely re-
solved. Thers is general agreement that high cycle fatigue
cannot be a problem with naval ships, but it may pose a

- e Ll - - - /
substantial problem for offshore oil rigs. ?/)

Possibiliry
exists for low-cycle,high stress fatigue cracking to devel-
op unider the prover conditions. Provided that the chain is
reriodically inspected, these fatigue cracks should be
readily detectable. Considering that crack initiatiom
occurs at a Ifraction of the time required Zor fatigre frac-
ture, sufficient time should be avzilable to take corrective

action to avoid catostreophic failure.
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At present, relatively little data is available per-
taining to fatigue strength of high grade anchor chain,
especially for dimensions greater than 2%-in. diameter.
Figure 5.2 gives a normaliéed S - N diagram for 2-in. oil

(51)

rig quality chain. This curve also depicts a predicted

life for connecting links for comparison. As stated earlier,
the graph implies that high-cycle fatigue could be a prob-
lem in offshore tigs but not in naval surface ships.

The fatigue life of a welded chain can be influenced
by severazl factors. A study conducted by Ramnis, Sweden(sz)
concluced that the form of the links and the surface con-
ditions of the links can considerably reduce fatigue
strength as compared to the fatigue strength cbtained
through conventional fatigue testing methods. Van Helvoirt
(33) suggests that the preheating before bending the chain
link should be controlled to avoid the formation of ''rip-
ples' at the iaside of the link bends which can act as fa-
tigue-crack initiation sites., 3By avoidance of these flaws,

and other factors, the fatigue life of the welded chain can

be improved.

G. Failures due to wear and abuse

Due to the lack of documentation associated with
mooring failures, little information is available as to the
impact of wear and abuse on actual chain failure rate. The
U.8. Navy and the regulatory societies have established wear

criteria which dictates wnen the chain must be replaced.
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Guidance is based con overall link diameter changes and does
not always consider other parameters. The degree to which
chain apuse during handling and stowage influences the chain

failure rate is even more vague. Buchanan(Sa)

reports that
the high number of breaks that occur in the first and second
lengths of chain may be the result of careless handling of

the chain when the anchor is being housed in the hawsepipe.

Buckle(ss)

considers operational requirements and gross
overloading of the chain the determining factors in the
frequency of chain failure and not the individual link de-

fects.

Many merchant ships utilize their anchors for maneuver-
ing and even stopping. Under these abusive conditions ex-
tremely large strains can be produced in the chain links.
The original design did not anticipate these requirements
and it is unreasonable to expect the chain to perform satis-
factorily when treated in such 2 mannexr., Many oI these
commercial failures could be avoided if the operating per-
sonnel were made better aware of the chain strength limita-
tions and also if they were better indoctrinated in proper
ship handling procedures. When several ships can repor: the
failure znd loss of three and four anchers in a period of
a few yearsgssj it becomes apparent to the author that some
additional ship handling training is required. This high

rate of chain fallure appears to reflect more upcn the ship
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operations than on the quality of the moorings.

Chain wear is not always addressed in discussing the
failure of ship moorings. Many consider chain wear as zore
of an indicator than an actual potential chain fault. Com-
;o practice is to use wear readings solely for decisions
on wheﬁher 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 chain's overall strength and quality. Most
chains that are removed from service are taken out because
of excessive wear. These wear limits were established to
avoid the increasing risk of fracture or excessive dynamic
loads due to the reduced diameter. It should be noted that
the macroscopic crack growth rate in most metals is driven
by the fourth power of the stress in the member§56) and.
nence, a relatively small decrease in the links section
modulus can impose very large crack growth rates. The
ability of the chain steel to resist both fracture and wear
1s a function of its mechanical properties, and in mzny
cases, these two demands are in direct conflict with each

other.

Various types of wear can take place during a chain's
in-service life ranging from adhesive wear caused by the
zutual rubbing of the links together, to the ploughing and

gouging caused by the chain link coming in contact with a
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hardened rough surface. If sufficiently deep scratches are
worn into areas of the link that are normally under high
étress, greater strass concentrations could be -o*med nizch
could lead to crack initi;tion and eventual failure., Under
normal loading conditions, when the ship is at anchor, the
chain aligns itself such that the heaviest wear occurs at
the link to link interface known as the 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. Considering that these contact areas
are lubricated af best by seawater, and in other cases un-
lubricated, the wear coefficients can be relatively high.
The sliding distance may not be large, but over a period of
time a considerable amount of material can be removed Irom
the grip areas. Combining this wear with the cerrosion
effect of the chain's saltwater environment can result in

substantial strength and material losses,

Another area of chain wear is along the chain link
edges as 1t passes over the ship's fairlead or a3 it en-
counters the anchor windlass mating surface. Here we are
sometimes faced with a difference in material properties of
the two surfaces (i.e., hardness) and different wear rates
can occur. In these cases, the major damage sustained by
the chain is caused by improper mating at the windlass sur-

face and also by a snapping/impacting action at the Zair-

lead. This particular action at the fairlead has been
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attributed to many link failures within cthe first cuthoard
shot of chain. As the wear progresses, improper fit-up can
occur at the windlass and this in tumm can cause tmmeven
loading and bending of the links. This ccmbination of
effects must be avoided in order to maintain chain integrity
and usefulness. Periodic inspections can eliminate 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 to cause chain fail-
ure. Methods of how to modify the fabrication process to
avolid these defects were discussed, and scme conclusions
were drzwn. Even with the implementaticn of better manu-
facturing procedures, and more extensive quality assurance,
scome chain will be placed in service that may be marginally
acceptable. This 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 chain’'s life. Three areas
will be discussed as possible means of achieving the goal
of reliazble chain. These areas are: in-service inspectien,

maintenance, and modification of materials and machinery

used in mooring systems.
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A. Maintenance

The area of chain maintenance is in direct opposi-

tion to the z2buses in handling and stcwage cdiscussed earliier.

In order to prevent a premature chain £ailure, it is iopera-

tive that a geod shipboard maintenance program is establish-

ed. Within this general maintenance classification there

are many types of maintenance that can be applicable to any

system:(57)

1.

_‘_:\.

Recurring maintenance - a work requirement

that is performed on a scheduled basis to
ensure continucus reliability of the equip-

ment,

Preventive maintenance - shipboard servicing

of equipment using prescribed procedures
and accomplished at specific time inter-
vals. The objective of the maintenance is
to detect and correct any conditions which

reduce the system's efiiciency.

Restorative maintenance - this is a refur-

bishment evolution performed by the ship's
crew or other maintenance activity in
accordance with established guidelines and

specifications.

Corrective maintenznce -~ ig classified zas

mzintenance that is required to restore the



182

equipment to operating order. These are
unscheduled repairs, but are still per-

formed using published technical guidance.

All of these types of’maintenance play an izportant
role in ensuring that the proper working conditions for the
system are being maintained. 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 a2ll 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-time'" by implementing a rigorous preventive mainten-
ance system (PMS). Over the years, this system has shown
its benefits Dy drastically vreducing common failures in
different equipment through the requirements of regular
pericdic maintenance. These maintenance requirements may
entail test cperation of the equipment, telerance readings,
lubrication, painting or simply a visual inspection. A
similar system should be implemented throughout the shipping
industry, to ensure that the system quality can be maintained.
One of the most important cutputs Irom a system of this tyoe
is the feedback Information that is generated from system

failures. From the documentation of these failures, trends
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can b»e established and pcssible solutions tc these problems
may be developed. With accumulation of sufficient data,
predictad failure rates could be determined or possible de-

sign changes could be accemplished.

For the particular case of anchor chain maintenance, a
regular schedule should be followed. The following are
suggested areas of possible maintenance actien that could
be accomplished during in-service operation. They are

rranged in chronological order, starting with the installa-

tion of the chain aboard ship:

1) Chain locker - the chain locker should be properl

clezned and preserved (painted) prior to chain
installation. Any accumulated water, or poten-

tial water sources should be eliminated.

2) Chain installation - ensure that chain is prep-

erly preserved and cured prior to stowage. Make
sure chain is handled and stowed properly,

avoiding undue twisting and abuse.

3) Operational - check fit-up of chain and wind-

lass, stoppers, pelican hooks, etc. to ensure
that the chain is not being subjected to ex-
cessive bending loads. This should be checked
every time the anchor chain is used in a

meooring evolution.

4) Clileaning/Pzainting - whenever Ieasible tche anchor
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chain's rust and scale should e removed and a
preservative coat applied. This is scmetimes
difficult to accemplish dépending upon the
ship's operating échedula, but during 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.

Overhaul - during periods when the ship is in
for extended repairs, the anchor chain could
be scheduled to be removed for cleaning and
preservation. During this period the chain
locker should be preserved. At the time of
re-installation, the ends of the chain should
be reversed so as to develop a more even wear
onn the outboard shots of chain. Records
shiould be maintained of these reversals, and
over a pericd of time various sections of
chain could be exchanged at the comnecting
links to further reduce wear. This is a time
consuming evolution, but when accomplished

in conjunction with other ship repairs, the
monetary cost 1s not that great and no opera-

tional time is lost.
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Again it should be exmphasized that documentation and record
keeping of all preventive maintenance will benefit all con-
cerned. Equipment histor;es will be easv to reconstruct znd
predictions of anticipated failures can avoid catastrophic
results. The more preventive maintenance that is regularly
accomplished will be reflected in a large reduction in cor-

rective wmaintenance required,

B. Inservice inspection

Many times it is hard to-distinguish between pre-
ventive maintenance and in-service inspection. Under some
scheduled PMS the requirement is to ''inspect'' some aspect
of the compeonent or system, and usually this is not an in-
depth examination. Usually, if the visuval inspection is
satisfactory, the remaining steps can be ignored (i.e., "if
no visual cracks are detected go to step 10"). 1In order to
maintain a highly reliable anchor chain, regularly scheduled
detailed inspecticns should be conducted. For these reasons
we have to resort to NDT procedures designed for in-service

use,

NDT has its limitations; certain flzws can be over-
looked, some technicians lack experience, and the gecmetries
of certain components present particular problems. Higher
strengtﬁ metals require the detection of smaller and smaller

criticzl crack lengths, hence increasing the possibilities

[N

of missing a £lzw during inspection. Another problem is the
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initial identification and detection of a flaw i a large
area. 1f the general area of a possible defect can be local-
ized, there is a good chance that it can be found by NDT.
Table 5.1 shcows some of thé many NDT techniques and applica-

tions available for use today.

The U.S. Air Force conducted an evaluation of present-
day NDT reliability and came up with the following conclus-

icns:(ss)

1) The cverall NDT and inspecticns reliability may

be less than anticipated.

2) The assumption that the more formal training
received the better the inspector, does not
hold true. Actual studies indicate that once
formal training has progressed beyond a level
of sufficiently acquainting the tester with
the technique and background of the test,

additional training had questionable valtce.

3) The number of years experience does not seam
to affect the detection rate. However, poor
rerformance can be slightly moderated by

eXperience.
4) - The number of times a technician performs NDT
within a time frame dces not effect his per-

formance.
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TABLE 5,1

CURRENT NLT METHODS

Elements

Materials and equipment

Cleanliness of part sur-
face

Applications

Emilsification

Removal

Developrent
Interpretation

Materials and equipment
Relatively clean surface
flixe lines - orientaticm
and intensity
Soclution applicatiom
Interpretatiom

Materials and equipment
Exposure tachnique
Film processing
Interpretaticm

Tquipment

rrequency

Field configirations

Display of cesired
parameter

Interpretation

Zquipment

Transcucer characteristics
Return signal processing
Interprataticn

Arplication

Surface flaws in forgings,
extrusicns, weldments,
and scome castings.

Surface and near-suriace
flaws in ferro-magnecic
materials -- forgings,
weldments, extrusicns

Flaws (mostly subsurface)
in weldrents, castings,
and forgings

Surface fl=zws
Conductivicy

Flaws (mestly subsurface)
in plate, forgings, and
same castings
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An area of possible parcial improvement lies in the elimina-
tion of poor inspectors through recertification procedures
and evaluaticn of past performance. The human factor plays

a large role and care must be taken to ensure that the indi-
vidually assigned task is small enough to accomodate the
vigilance required for a high degree of flaw detection, while
still proving to be economiczlly feasible. The technicians
must perform monotonous, repetitive work and they must still
be alert to the smallest defect or flaw. Somehow the monoc-
tony of the work must be lessened by automatad means or

different testing procedures.

Even with the aforementioned shortcomings, NDT is growing
and is being more widely accepted as an important tool in the
overall effort to solving in-service inspection prcblems.

Three of the main wvalues of NDT are:

1) Higher reliability and safety of products
2) Lower inspection costs
3) Prediction of the life cycle of the system

or component,

Many engineering projects utilize materials near their
mechaniczal and thermodynamic limits which can bring zbout

[aaal

catastrophic results if the wrong conditions are met. The
use of NDT in £field cperations to screen our Zlawed materiazl
before additional damage can be incurred is becoming

common practice, and this becomes more important as the
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value oZ the product increases.

In order to obtain meaningful results during one anchor
chain inspection, NDT needs to be expanded Irom sixzple

measurements to the broader non-destructive evaluation (NDE)

function. NDE also takes into consideration what the measure-

ment means, and is prepared to make a decision based on the
evaluation. A relationship wmust be developed between a
measurable NDT material characteristic (i.e., crack length)

and the actual in-service behavior. ith gains in methods
of NDT, mere flaw detection will not be as important as the
quanticative information obtained, such as size, shape, and
orientation. By applying these quantitative values to such
things as fracture mechanics theory, wmuch useful information
can be obtained,.

Prd
-

One of the major problems in the development of field

(R}
A.

NDE is how fo determine the "extent of damage’ to the area
under investigation. The solution to this problem seems to
center around the use of computers programmed to zpply
fracture mechanics or other scientific methods to znalyze
the data obtained through the various NDT. By comparing

the data ageinst known standards, they can decide if the de-
fects are of sufficient character to wawrant concern for the
reliability of the product. The preogramming is complex, as
is the theory involved, and the lack of nany acceptance
standards also impedes the rapid develcpment of this field.

It is important that other information is Zed to the system,
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including projected loading condizions and environment, so
iz can be anticipated if the present status will deteriorate
in che near IZuture. 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

pessible approach.

Visual inspection - quick identification of possible

problem areas, which narrows down the test zrea. Since this
requires little cost and manpower, it should be conducted at

every opportune time.

Dye penetrant/magnetic particle - either of these

methods would offer a quick check of surface indicaticns

that may have been detacted during visual inspection.

Ultrasonic insvection/radiography - these tests could

be used when other NDT methods have suggested that defects
may exist, A regularly scheduled UT inspection could prove

very beneficial to proper chain maintenance.

All of these methods could be used in their traditional man-
ner, but several of them have potential for great improve-

ment.
The ultrasonic and radiograpvhic combination of tests
may offer the best prospect for future in-service chain in-

spection procedures. With advances in ult-asonic imaging
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it could be pessibla to scan the chain as it is being hoisc-
ed aboard, to detect any flaws or defects. A pcrtable
scanning device, such as those develcved to inspect railroad

(39 could be used. This would allow a single techni-

rails
cian to scan the chain at a relatively high rate of speed
compared to other NDT methods. According to the research

of Thomas and Rosessg) who developed a UT inspection system
for hull plating, the use of high speed computers and micro-
processors can zreatly simplify the problems in evaluating
the multitude of data provided by the UT sensors. If an
area o interest has first been determined, such as the

weld joint, a microprocesscr can be effective in conducting
ultrasonic evaluation for work in the field or for ship-
beard use. The system can scan the chain, record pertinent
data, and determine the complete picture of the extent of
dazmage. Any questionable areas could be checked by =adio-
graphy. Thals same equipment is capable of monitorin

damege in these areas, and detecting any growth of defects
during the service life of the chain. Development of this
type of system to inspect chain may find difficulty in
overcoming the problems posed to UT by the chain link
geometry. These complex geometries cause many erronaous
signals which reduce the test methods reliability. Size

and cost limitations might also restrict this type of system

from teing implemented zboard ship.

¥
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Another possible alternative to this type of testing
would be to have an equivalent land-based system that could
conduct pericdic chain inspections for the ship. For use in
a howmeport 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 time could also be used to clean and preserve the
chain after the UT and radiography was complete. Tacilities
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
transit rail testing vehicle (SRS 802) which was developed
by Sperry(éo) to detect flaws in rails. This vehicle has
had very gcod success at a reasonable cost, and it appears

that a similar system could be applied to chain inspection.

C. Modification of materials and equipment

As discussed earlier, a large majority 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 fziled re-
sulting in major losses. For these reasons, it appears that

the possibility exists that many of the system components
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zre not really ccmpatible with each otier. Ia the past, 2ach

.

ime a failure occurred, the particular element that faile
was investigated and some conclusion was drawn. Since the
links, shackles, and ccnnectors are all parts of the whole
anchoring system, any failure should be analyzed as a system
failure to determine what factors may have contributed to the
situation. With proper documentation of these failures, it
is possible to determine what parts of the system have to
be modified in drder to have a wmore reliable state,

Several articles have been written about anchoring and

(6L)

mooring equipment, such as by Buckle and some have con-

centrated on the inadequacy of certain components such as

anchors (Bruce)goz) Each article has addressed a particular

point but they all indicate that the anchoring equipment

1=

must be treated as a system; A good number of ships in
service today do not have systems that were designed for
them, but have merely acquired stock items which appeared to
be adequate for the ship's tonnage and gross characteristics.
Many of the failures that have occured may have beeun avoided
nad this not been the case. Some designs of fairleads are
inadequate and cause undue bending in the chain, while cex-
tain stopper designs put undue stress on the chain links,

An effort should be made to determine these shortcomings in
design, and to tske corrective action to replace or upgrade
equipment to the proper standa:ds; Higher mooring system

reliability can be obrained through these efforts than could
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De expected to be achiaved through better chain manufactur-
ing procedures. Both areas can offer some improvement, but
by far the sizable gains lie with the improvement of the

deck gear connecting and héndling apparatus,
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6. Conclusions and Recommendaticns

An attempt was made to review the historical develep-
ments that teook place which have allcwad us to reach our
current state of technical knowledge in anchor chain manu-
facturing. Much has been learned from past experience, bdut
many questions pertaining to the complexities of anchor
chain stresses, geometry and loading conditions have yet to
be answered. Many of the flash-butt welded anchor chain
fabricaticn parameters have been identified and the rela-
tive importance of their influence on weld and chain quality
has been discussed. The interactions of these variables is
quite cowplex, and the true impact of an individual para-
meter change is very difficult; if not impossible to deter-
mine., Various researchers have developed equations which
describe the interactions of a few parameters (i.e., flash-

ng parameter), but currently no simple equation exists that

s

relates all the production variables. Because of these
shortccmings; each phase of the chain fabrication process

is usually studied separately, thereby avoiding dealing with
the uncertainty of the transition areas between phases
(i.e., Iflashing to upsetting). In order to better control
and wmderstand these parameters, the system must he studied
as a whole so that the real influence of variations of para-
meters can be learned. The area of platen motion needs to

be investigated Iurther, so that an optimum method czn be
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developed for controlling this motion.

The solution to the heat flow problem in the welding of
anchor chain was modelled as an instantaneously applied heat
source. All surface losseé (convection and radiation) were
ignored in an effort to develcp a simplified model. The
test runs that were conducted using a linear flashing pat-
tern showed good correlation with available experimental
data, except at large distances from the weld interface.

At these larger distances the cowputer-generated tempera-
tures were considerably lower than the experimental values.
The results from the parabolic flashing pattern showed
larger temperature differentials from those obtained Ifrom

laberatory data than from the linear model.

Temperature variations could be caused by over simpli-

fication of the model and by neglecting the arcing heating

11

effect that is present at the real interface. All the

+

curves followed the proper trends that were expected, but
the thermal decay seems to be dominared by the instantaneous

distance from the interface more in the model than in real

life. Another wvery influential factor is the material’s
thermal diffusivity which could have considerable variztion
within the temperature range being studied. Also, the time
interval over which the temperature is reviewed, greatly in-

fluences the outcome of the temperature profile. Any furcher

investigations in this area should concentrate cn upgrading
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the model to better reflect the real conditions present dur-
ing flashing. The xodel may become quita involved, but the
results would then much better apvroach the experimental

values,

In-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-
vestigations in particular have established requirements for
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 imnovation, and to follow through in
implementing improvements that will ultimately intagrate
welding and cther functions into computer based manufactur-
ing. It must be realized that control znd menitoring devices
are not fzil-procof, and that they cannot accomplish all
tasks that are required. 1In the same light they cannot be
relied upen to do the entire task of monitoring and control.
The only way to achieve consistently good quality welded
anchor chain, is to ensure that quality control standards
are high and maintaired throughout the manufacturing pro-

cess. Monitoring and control systems should be used as a
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back-up system to an already well established engineering

base.

Many advances have been made in recent years in the
development of reliable NDE. Rapidly develoving computer
technology, as well as advances in fracture mechanics
analysis, have brought about remarkable results in material
evaluation. Some of the current-existing technology has
been presented to show what automated means are available
to industry; and how they may be adapted to field in-service
inspections. With escalating raw material costs and large
capital imvestments into some production methods; it is
essential that NDE be further developed and implemented so
that these materials are not wasted. One of the major needs
of NDE is the development of reliable standards which can be
used for data comparison. Without good standards, the most
sophisticated cowputer and analysis system is worthless Zor

making predictions and evaluatioms.of material.

Non-destructive evaluation has been successiully
spplied to many zreas of manufacturing, such as the tire,
aircraft, steel, and medical technology industries. It is
~easonable to assume that it could also be compatible with
the welded chain industry. There are still many short-
comings, and much research and development is still re-
quired to produce a versatile system. The Iollowing areas

are in need of improvement if NDE {s to become nore widely
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accepted, and accurate enough to perform the tasks re-

quired:

- Detection of corrosion Seneath paint znd

other ccatings.
- Improved ultrasonic imaging

- Measurement of residual stresses below the

materials surface.

- Detection of an evaluation ¢f defects in
complex geometric shapes, such as those
encountered at the stud junction in a chain

link.

It would also be very useful to determine mechanical proper-
ties of materials by NDE; such as tensile, yield, and
fracture strengths, as well as ductility and fracturs tough-
ness. To do this would require the capability to detact pre-
yvield dislocation motion, residual stress; grain size, shape
and distribution of inclusions in the material. At present,
this evaluation is beyond the capabilities of even the most

sophisticated testing procedures so far developed.

Even though there has been a great trend toward the
automation of NDE, we are still wvery much dependent upon
human iﬁterpretatioﬁ of the test results. It is still dif-
ficult to identify good technicians, train them and have them

perform well under certain conditions. More time should be
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spent in developing these inspection traits since z2ven with
the peossibility that much of the inspection of the furure
will be conducted by machinery, there will always be a zeed
for 2 goed technician to méke a final evaluaticn in special
situations. These inspectdrs need more training than mere-
ly being able to perform NDT, since interpretation of the
data is the wmost important factor in NDE. A good under-
standing of meterial properties and theory is essential in
being able to make an evaluation as to the éerﬁice life ex-
pectancy or economic repair wvalue of a material. WDE has
its shortcomings, especially when faced with parts having
complex geometries, and it may not answer zll the material
questions that exist; but it is mzking studies in the right

direction.

All the quality and reliability that is built intoe zn
ancher chain can be rapidly degraded if the chain is noc
properly maintained. For this reason, it is essential that
all chain be regularly cleaned and refinished to raduce the
corrosive action ¢f a sea environment. In combination with
this maintenance, other iaspections should be conductead to
ensure that the chain is not being overly strained or sub-
jecred to excessive wear cenditions. Handling and stowage
of anchor chain inflict some damage and these aresas should

be further investigated. Many NDT methods were cited as

possible methods of conducting chain inspections, but field
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examination 1s still a very difficult task which produces

results that show wide ranges of values.

Within cthe area cf chain maintenance should be included
all the associated equipment, such as the anchor windlass
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 link failures 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. Locking at improving the quality of the
annchor chain does very little if the main fault is within

the connecting links or shackles.

Further studies should be conducted to investigate the
interactions between chain, windlass, fairlead, anchor and
other components. Dynamic lcading models should be develop-
ed to study the actual loading conditicns of the chain.
Stress concentration locations should be identified in com-
necting links, and either eliminated or redesigned. The
system must work properly as a whole, and the remaining com-
ponents reliability must approach that of the chain. No
gains eén be made by improving welded chain link gqualicy if

the system will still fail due to another wezk component,
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APPENDIX A

Main Heat Conduction Program
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PRCGRAM HEATCON
b
FLASHBUTT WELDING HEAT FLOW MODELING PROGRAM

THIS PROGRAM IS AN ANALYTICAL SOLUTION OF THE HEAT CONDUCTION
PROCESS CCCURING IN FLASH-BUIT WELDED ANCHOR CHAIN. THE HEATING OF
THE ABUTTING SURFACES IS MORELED AS AN INSTANTANEQUSLY APPLIED PLa-
HAR HEAT SOURCE, MOVING AT CONSTANT VELOCTITY OR CONSTANT ACCELERA-

TION. MATERIAL PROPERTIES ARE CONSIDERED COMSTANT OVER THE TEMPERA-
TURE RANGE OF THE WELDING PROCESS(1500-280CF).

COMMDN/CONST/U, TD,PL, G, FINAL,X(100),I,J, TIKE (10000}, T{10),D(10},DE
DIMENSION TEMP{(10CQCQ)}

c =0,
START TIME(ST) FOR TEE FLASHING IS ALWAYS TAKEN AS ZIEZRO SECCNDS

YRITE( 8,10)

FCRMAT(SX, "ENTER O IF LINEAR FLASHINCG PATIERN IS
1DESIRED®,/,5X, "ENTER 1 IF A PARABOLIC FLASHING PATTERN IS
1DESIRED®, /, 25X, "FORMAT FOR INPUT 1S5 (I1)°//)

READ (5,20} IND

FCAMAT (I1)

IF(IND.ZQ.1} GO TO 35

WRITE(8,25)

FORMAT (SX, "ENTER CONSTANT VELOCITY U (IN/SEC) (F8.3)*//)
READ (5,30) U

FORMAT (F8.3)

GO TO 48

YRITE(S,40}

FORMAT (85X, "'ENTER CONSTANT ACCELERATION G (IN/SEC»*2) (F8.3)'//)

_ READ(5.45) G

FORMAT (F8.3)
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48 WRITE (8, 58)
58 FORMAT (5X, "ENTER 10 TEMP. VALUES(DEG(F)) (10F8.0)°.//)
READ(S,57) (T(I),I= 1, 10)
57 FORMAT (10F8.0)
YRITE (8, 58)
g8 FORMAT (5X, ‘ENTER 1b THERMAL DIFFUSTVITIES (IN»#2/SEC) (10F5.3}*.//)
READ(S,58) (D(I), I=1,10) '
59  FORMAT (10F5.3)
YRITE (8,80)
80 FORMAT (BX, "EHTER TEMPERATURE PARAMETERS: ' ,/,15X, "TI = MATERIAL
1 INITIAL TEMPERATURE(DEG(F))*'./.15X, TN = MELTING TIMPERATURE OF
2 MATERIAL (DEG(F)) ",/, 15X, INPUT IN FORMAT(2FB.2)'//)
READ(5,85) TI.T

85 FORMAT(2F3.2)
CALCULATE TEMPERATURE DIFFERENCE BETWEEN INITIAL AND INTERFACE.

89  FORMAT(EX, "CAUTION!!!. FINAL/STEP MUST BE LESS THAMN 10000°//)
YRITE(S,7Q0)
70 FORMAT(5X, "ENTER TIME PARAMETERS:',/.158X, 'FINAL = MAY TIME FRCM
! START DOF FLASHING(SEC)",/, 15X, 'STEP=TIME INCREMENT OF INTEREST
2 (S2C}*,/. 158X, "INPUT IN FORMAT(2F8.3}'//)
READ(5,75) FINAL,KSTEP
75 FORMAT (2F8.3)
Q8 = (FINAL/STEP)

YRITE (8,20}
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80  FORMAT(SX, 'ENTEZR FIELD SIZE PARAMETERS:®,/, 15X, 'NN = NUMBER OF
1DATA POINTS ALONG X-AXIS" /15X, "YH=INITIAL POINT QF INTEREST
2 ALONG X-AXIS(MIN XN = .01 (IN))}",/, 15X, 'XSTEP = DISTANCE IN-
3CREMENT (IN)",/,18{, "INPUT IN FCRMAT{I3, 2F8.3)'//)

READ(5,85) NN,XN,XSTEP
85 FORMAT(I3, 2F6.3)

WRITE(10, 90)

VRITE(8, 50) ,
90  FORMAT(SX,"ANALYTICAL SOLUTION OF A FLASH-BUTT YELDED ANCHOR
CHAIN HEAT CONDUCTION®,/,1X, 'PROBLEM, THE HEAT SOURCE W¥ILL BE

MCDELED AS A PLANAR, MOVING, INSTANTANEOUSLY ',/,1X, 'APPLIED
SQURCE. DIFFUSIVITY IS INTERPOLATED FOR ACTUAL TEMPERATURE*//)

[T

IF(IND.EQ.1) GO TD 100
WRITE (10,98) .
WRITE(S,35)

95  FORMAT(5X,'THIS OUTPUT IS BASED UPON A LINEAR FLASHING
1PATTERN (COMSTANT VELOCITY *,/,1X,'PLATEN MOTION) HFAT SGURCE. "
2///7) ’ _

1
GO 10 110
100  WRITE (10,105}
¥RITE. (8,108)
105  FORMAT(SX."THIS OUTPUT IS BASFD UPON A PARABOLIC FLASHING
1 PATTERN { CONSTANT *,/,1X,'ACCELERATION PLATEN OTION) HEAT
2 SQURCE.'////}
110 WRITE(10,115) U, ¢, FINAL, SIEP
WRITE(8,115) U, G, FINAL, STEP
115  FORMAT(SX, 'WVELDING PARAMETERS :°,//. 15X, 'CUNSTANT YELOCITY U=’
1,1X F8.3,1X, "IN/SEC*,//, 15X, *CONSTANT ACCELERATION G=°,1X, F8.3,
21X, "IN/SEC*=2",//, 15X, "MAXIMUM TIME CONSIDERED (FINAL)=’,1X,

3F6.3,1X,’SEC.",//,18X, "TIME STEZP INCREMENTS (STEP)=",1X,F8.3,1X.
4°SEC.* /1N
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YRITE(10,120) TI, T™

WRITE(S,120} TI, T™
FORMAT (S5X, ‘MATERIAL PROPERTIES :',//,15X, ' INITIAL TEMPERATURE

1(TI) =",1X,F8.2,1X, 'DEG(F)*,//, 15X, "MELTING TEMPERATURE (TM)=* .
21X, F8.2,1X,‘DEG(F) " //// 1)

WRITE(10,125) NN, XN, XSTEP
WRITE(S,125) NN, XN, XSTEP
FORMAT (5X, "FIELD SIZE PARAMETERS :°,///, 15X, ‘NUMBER OF X-AXIS

1DATA POINTS (NN) =*,1X,13,//,15X, INITIAL DISTANCE FROM WELD
2INTERFACE ON) =",1X,F8.3,1X, "INCHES',//,15X, *DISTANCE INCREMENT
3 (STEP)="',1X,F8.3,1X, *INCHES /////)

1

INTERACTIVE DATA INPUT IS COMPLETED
BEGIN THERMAL CALCULATIONS
sxwxsszasxssxexn THESMAL DIFFUSIVITY=D{(IN**2/SEC)stwsnzasssssnanss

WRITE(10,130)
WRITE (S, 130)

FURMAT (5X, ' TEAPERATURE (F) '/, §X, *THERMAL DIFFUSTVITY'//)
¥RITE(10,132) ((T(I).D(I)), I=1,10)

WRITE(S,132) ((T(I),D(I)), I=1,10)

FORMAT (10X, F8.0, 20X, F5.3,/)

WRITE(10,135)

YRITE(8,135)

FORMAT (25X, ' TEMPERATURE DISTRIBUTION OUTPUT'.///)
WRITE(S, 140)

WRITE(10, 140)

FORMAT (15X, "X = INSTANTANEQOUS DISTANCE FROM FLASHING
INTERFACE',///)
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TIME(1) = 0.
PI = 3.14159
DO 200 I = 1, NN
X(I) = XN + (I-1)»(XSTEP)
DO 180 J =2,QQ
TO = TI
TIME (J) = TIME(J-1) + STEP
DI = D(4)
TEMP(1) = TI
IF(IND.EQ.1) GO TO 150
CALL INTG((TIME(J-1)), (TIME(J)), FCTL,THETA)
GO TO 155
CALL INTG{(TIME(J-1)), (TIME(J)),FCT?, THETA)
TEMP(J) = TEMP(J-1) + THETA
IF((TEMP(J)) .GT.TM) TEMP(J} = TM
IFCOL(I)Y .EQ.0.) TEMP(J) = T
TC = TEMP(J)
AB = ABS(TC-T0)
IF(AR .LT. 5.)G0 TO 180

TA = (I3 + TC)/2.
™0 = TC
DI = FILLIN(TA,T,D,10)
GO TO 147

CONTINUE



YRITE(10,188) CL(Id)
YRITE(@,185) (1))

185 FORMAT (15X, ' INSTANTANEOUS DISTANCE FROX INTERFACE=",F8.3,
13X, "INCHES"' ,//)

YRITE(10,170)
YRITE(S, 17Q)

170 FURH&T(25X.‘(TIHE)',5x}' (TEMP) *)
YRITEC10,175) ((TIMECD), TEMPCD)), J =Q1,4Q)
WRITE(S,175) ((TIME(D), TEMP(I))}, J =Q4Q.qQ)

175 FORMAT (25X, F8.3,2X,E12.5,///)
WRITE (10, 180)
WRITE (S, 180)

180 FORMAT(2X, 19( »on2") ,//)

200 CONTINUE
YRITE(10,210)
WRITE(8,210)

210  FORMAT(SX, " TEMPERATURE QUTPUT IS COMPLETE')

250  STaOP

END

FUNCTION FCTL{IPRI)

COMMON/CONST/U, 7D, P1,G, FINAL,X(100),I,J, TINE (10000) , T(10) ,D(1Q) DI

0.5¢(U * TD)/SQRT(PI = DI}

€2 = SQRT(FINAL ~ TFRID)

c1

nnnnnnnnnonnnnnnnnnnn

C4 =(4. #DIa(FINAL-TPRI))
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Ca=- (X{IN)+({U/2. )+ (FINAL-TPRI} )} %#2/C4

IF (€3.LT.-160.) GO TO 10 ’
FCTL =(EXP(C3))*C1/C2

RETURN

FCTL= 0.0

RETURN

END

FUNCTION FCTP(TPRI)

COMMON/CONST/V, TD,PI,G,FINAL,X(100),I,J, TIME(10000), T(10),D (20} ,DI

C4 = 0.5+(G » TD)/SQRT{PI=DI)
C5= TPRI/SQRT(FINAL ~ TPRI)

CB=={{(X(1))+((G/4.)» ((FINAL#»22)-(TPRI**2)))) *22)

C7= (4.)sDIa(FINAL-TPRI)
C€3=C8/C7

IF ( C8.LT. -180.) GO TQ 10
FCIP = (EXP(CB))=(C35sC4

RETURN

RETURN

ZND

FUNCTION FILLINOL, AB,OR,RO)

xzx FILLIN =x» PARABOLIC INTERPOLATION

FINDS YCO FROM A TABLE OF AB(N) AND OR(N) CONTAINIRG

H0 POINTS.
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DIMENSICN AB(NO),OR(NO)
| B B e T R R e
2 Ca3-x2))

IFX-AB(1)) 1,3,2

=0R (1)

GO T 99 ‘

Y=ANTRA (AB (1) ,AB(2) ,AB(3) ,X,0R(1),0R(2),0R(3))

G0 TD 99

IF X-AB(2)) L,8,5

Y=C0R (2)

GG TU 99

LO 7 1=3,NC

M=I

IF X~AB(1))8,%,7

Y=0R(I)

GO TO $9

CONTINUE

Y=ANTRA (AB(M-2) ,AB(M-1) ,AB(M) , X, OR(M-2) ,CR(M-1),0R (M))

FILLIN=Y

RETURN

END
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Integration Subroutine
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SUBROQUTINE INTG{ST,FINT.FCT,THETA)

PURPOSZ:
TQ COMPUTE THE INTEGRAL (FCT{(TIME)) SUMMED OVER TIME FROM THE
INITIATION OF FLASHING TO THE FINAL TIME, AT VYARIQUS X-AXIS LCCATICNS.

USAGE: N
CALL INTG(ST.FINT,FCT,THETA)
PARAMETER FUNCTION REQUIRES AN EXTERMAL STATEMENT.

DESCRIPTION OF PARAMETERS:
ST=LOWER TIME OF THE INTERVAL
FINT=UPPER TIME OF THE INTERVAL({T-PRIME)
FCT=NAME OF THE ZXTZRMNAL FUNCTION SUBPROGRAM USED
THETA=TEMPEIRATURE DIFFERENCE AT PARTICULAR TIME AND LOQCATICN

METHCD:
EVALUATION IS DONE BY MEANS OF A 10-POINT GAUSS QUADRATURE FORMULA
WHICH INTEGRATES POLYNOMIAILS UP TD DECREYE 19 TXACTLY.

AREAEXEFLFIL LAY ENREFILI LRSS TR ISR LL AR AR R ARXXRARERXELS LR XL KX EIF XX AASRAN S

5= (FINT + ST)

A
B (FINT - ST)

1]

[ &
1]

.4889533 =« B

a0 (3] OGO ONOOOGOaOaaONOoOOaaCaaanan

THETA = 03333587+ (FCT (A+E} +FCTCA-Z))

)

E = 4325317 = 3
THETA = THETA - .07472587 = (FCT(A-E) + FCT(A-E))

E = .3357048 = 3

THETA = THETA - .1095432 (FCT(A=E} + FCT(A-E))

E = .2186977 & B

THETA = THETA + .1348334 =(FCT(A+E) + FCT{A-E))

E = .07443717 = 3

THETA = B = (THETA + .1477821a(FCT(A+E) + FCT(A-Z)))
RETURN '

0o 0 O O 0O O O O 0

END
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Sample Program Qutput



ANALYTICAL SQLUTION OF A FLASH-SUTT WELDED ANCHOR

CHAIK HEAT CONDUCTICH

PROBLEM. THE HEAT SOURCE WILL BE MCDELED AS A PLANAR, MOVING, INSTANTANECU
APPLIED SOURCE. DIFFUSIVITY IS INTERPOLATED FOR ACTUAL TEMPERATURE

THIS QUTPUT IS5 BASED UPON A PARABOLIC FLASHING PATTERN { CONSTANT

ACCELFRATION PLATZN MOTION) HEAT SOURCE.

YELDING PARAMETERS
CONSTANT VELOCITY U= 0.000 IN/SEC.
CONSTANT ACCELERATION G= 0.020 IN/SECsa2

MAXIMUM TIME CONSIDERED (FINAL)= 9.490 SEC.

TIME STEP INCREMENTS (STEP)= 0.010 SEC.

MATERTAL PROPERTIES :
INITIAL TEMPERATURE(TI) =  400.00 DEG{F)
MELTING TEMPERATURE(TM)= 2750.00 DEG(F)

FIEID SIZE PARAMETERS :

NUMBER OF X-AXIS DATA POINTS (NN) = 1

INITIAL DISTANCE FROM WELD INTZRFACE COU) =

DISTANCE INCREMENT (XSTEF)= 0.000 INCHEES

TEMPERATURE (F) TrERMAL DIFFUSIVITY

BO. 9.025

0.150 INCHES
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441, 0.019
801. 0.014
1161. 0.0009
1341. Q.005
1385. 0.003
1431, 0.008
1701, 0.009
20681, 0.011
2750, 0.014

TEMPERATURE DISTRIBUTION CUTPUT

X = fNSTANTANEDUS DISTANCE FROM FLASHING  INTERFACE

INSTANTANEOUS DISTANCE FROM INTEZRFACE= 0.150 INCHES

(TIME) (TEMP)
9.480 0.16045E+04

ttttI:lls-Il-ttt!:It:tt-w::!:unttlat-:stn;tt-t-q-nt#ttti*s:tuzuatt:lt:l:t:a:

TEMPERATURE QUTPUT IS COMPLETE
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ANALYTICAL SQLUTION JF A FLASH-BUTT WELDED ANCHOR — CHAIN HEAT CONDUCTICN
PROBLEM. THE HEAT SOURCE WILL BE MODELED AS A PLANAR, MOVING, INSTANTANESU
APPLIED SOURCZ. DIFFUSTYITY IS INTERPOLATED FUR ACTUAL TEMPERATURE

THIS OUTPUT IS BASED UPON A PARABOLIC FLASHING PATTERN { CONSTANT
ACCELERATION PLATEXN MCTION) HEAT SOURCE.

WELDING PARAMETERS :
CONSTANT VELOCITY Us 0.000 IN/SEC
CONSTANT ACCELERATION G= 0.020 IN/SEC**2
MAXIMUM TIME CONSIDERED (FINAL)= §.49Q SEC.
_TIME STEF INCREMENTS (STEP)= 0.010 SEC.

MATERIAL PROPERTIES .
INITIAL TEMPERATURE(TI) = 800.00 DEG(F)
MELTING TEMPERATURE(TM)= 2750.00 DEG(F)

FIELD SIZE PARAMETERS :

NUMBER QF X=AXIS DATA POINTS (NN) = 1
INITIAL DISTANCE FRONM WELD INTERFACE CN) = 0.150 INCEES
DISTANCE INCREMENT (XSTEP)= 0.000 INCHES

TEMPERATURE(F) THERMAL DIFFUSTIVITY

80. 0.028



441, Q.019
801. 0.014
1181, 0.009
1341. G.Q0s
1385. 0.003
1431. 0.0QG
i701. 0.009
2081. 0.011
2750. 0.014

TEMPERATURE DISTRIBUTION QUTPUT

X = INSTANTANEDOUS DISTANCE FROM FLASHING  INTERFACE

INSTANTANECUS DISTANCE FROM INTERFACE= 0.150  INCHES

(TIME) (TEMP)

9.480 0.18183E+04 .

EEEIZEAA AN AR A A AR A AN EREE IR EF N ENEXER AL ES RSN E AN EE AR AR RN E AR AN AN AR AL E RN XA RESE RN

TENFERATURE QUTPUT IS COMPLETE



ARALYTICAL SOLUTION OF A FLASH-BUTT WELDED ANCHOR  CHAIN HEAT CONDUCTICN
PROBLEM. THE HEAT SUURCE WILL BE MOGDELED AS A PLANAR, MOVING, INSTANTANECU
APPLIED SQURCE. DIFFUSIVITY IS INTERPOLATED FOR ACTUAL TEMPERATURE

THIS OUTPUT IS BASED UPON A PARABOLIC FLASHING PATTERN { CONSTANT
ACCELERATION PLATEN MOTION) HEAT SOURCE.—

YELDING PARAMETERS :
CONSTANT VEI.DCiTY U= 0.000 IN/SEC
CONSTANT ACCELERATION G= 0.020 IN/SECex2
MAXIMUM TIME CONSIDERED (FINAL)= 9.490 SEC,
TIME STEP INCREMENTS (STEP)= ¢.010 SEC.

MATERIAI PROPERTIES :
INITIAL TEMPERATURE(TI)} = 15E50.00 DEG(F)
HELTING TEMPERATURE(TM)= 2750.00 DEG(F)

FIELD STIIEZ PARAMETERS

NUMBER OF X~-AXIS DATA POINTS (KN} = 10
INITIAL DISTANCE FROM WELD IKTERFACE CM) = 0.050 INCHES
DISTANCE INCREMENT (XSTEP)= 0.050 INCHES

TEMPERATURE(F) ﬁm‘lAL DIFFUSIVITY

a0, 0.025
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441, 0.019
801. 0.014
1161. 0.009
1341. 0.005
1385, 0.003
1431, 0.006
1701. 0.009
20681. 0.011
2750. 0.014

TEMPERATURE DISTRIBUTICON QUTPUT

X = INSTANTANEQUS DISTANCE FROM FLASHING  INTERFACE

INSTANTANEOUS DISTANCE FROM INTERFACE= 0.050  INCHES

(TIME) (TEMP)
9.480 0.27500E+04

EXAAEX AT AR T LA Z AR LT RN AR AN AT EE A I RPN ARSI AT TN S AN I N IS I IR EA N AN S A A AR N E XN

INSTANTANEOUS DISTANCE FROW INTIRFACE= 0.100  INCHES

(TIME) (TEMP)
5.480 0.233391E+04

EXEZZIXAARLNARXAF LR AL EILINLEEXIPEASLL L L EARERAZ AR AN LN AN E AR RN XD HAEEEX NN NEEEEX R A XX S
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INSTANTANEQUS DISTANCE FROM INTERFACZ= 0.150 INCEES

{TIME) (TEMP)
¥.48C  0.20339E+Q4

L L L L R L Y L T T P
INSTANTANEDUS DISTANCE FROM INTERFACE= 0.20Q0  INCHES

(TIME) (TEMP)
9.480 0.18822E-+04

“"“““"‘-"-“-"'-“.*‘--.-..I-‘*“'.‘"".I"“‘.;I"‘*.“"-!I“‘-I‘--
INSTANTANEQUS DISTANCE FACOM INTERFACE= 0.250 INCHES

(TIME) (TEMP)
9.480 0.1783BE+04

FEXARLAE R AR SR AN B AR EEFN LA A LA TP AN TR AR R IR A A AT IR R TSI AR TR AR AN RS
INSTANTANEZUS DISTANCE FROM INTIZRFACE= §.300 INCH=s

(TIME) (TEMP)
9.480 0.18912E+04

EAR AN BAZAA L AR R R NS A AN S SN RN SN A AN AN RSN N E AN AR A RS RN X NN R R A
INSTANTANECQUS DISTANCE FROM INTERFACE= 0.350 INCEES

(TIME) (TEMP)



9.480 0.18410E+Q4

EAEREFAEELSX XXV ATAIVRERAAXXZAXATIRAREE AR ENEA XN R ARV AREIR AN EIES AN AL ANLE R RFE TR R B Y

INSTANTANEQOUS DISTANCE FROM INTERFACE= 0.400  INCHES

(TIME) {TEMP)
9.480 0.18078E+Q4

BARAERALSRAEAUNFARIRAL RS SSES AR AR RSP X AN AR RANEX SRR AR R XA IR AR X AN AR TR AN RS XK

INSTANTANEQUS DISTANCE FROM INTZRFACE= 0.45Q  INCHES

(TIME) (TEMP)
9.480 Q.1S5SB82E+04

R AR R R E LR REES S R E R ER R ER R PR b RS L

INSTANTANEOUS DISTANCE FROM INTERFACE= 0.500 INCHES

(TTME) (TEMP)
9.480 0.15721E+04

AR EAF AT A AN E R AN A AR AR XA XA R A AN R AR R RS RS A X XA TR RNALFIERAN IR AT XS N K

TEMPERATURE CUTIPUT IS COMPLETE
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ANALYTICAL SOLUTION OF A FLASH-3UTT ¥ELDED ANCHOR CHAIN HEAYT CONDUCTION
PROBLEM. THE HEAT SOURCE WILL BE MODELZD AS A PLANAR, MOVING, INSTANTANESU
APPLIED SOURCE. DIFFUSIVITY IS INTERPOLATED FOR ACTUAL TEMPERATURE

ZHIS OUTFUT IS BASED UPON A LINEAR FLASHING PATITRN (CONSTANT VELOCITY
PLATEN MOTION) HEAT SUURCE.

¥ELDING PARAMETEIRS :
CONSTANT VELOCITY U= 0.144 IN/SEC
CONSTANT ACCZLERATICON G=  0.000 IN/SECs=2
MAXIMUM TIME CONSIDERED (FINAL)= 8.250 SEC.
TIME STEP INCREMENTS (STEP)= 0.010 SEC.

MATERIAL PROPERTIES
INITIAL TEMPERATURE(TI} = 1550.0Q DEG(F)
MELTING TEMPERATURE(TM)= 2750.00 DEG(F)

FIEZLD SIZE PARAMETERS

NUMBER OF X-AXIS DATA PQINTS (NN) = 10
INITIAL DISTANCE FROM WELD INTERFACE CON) = 0.050 INCEES
DISTANCE INCREMENT (XSTEP)= 0.050 INGHES

TEMPERATURE(F) THERMAL DIFFUSIVITY

go0. 0.025



441. 0.019
Bo1. 0.014
1181, Q.c09
1341, 0.008
1385. Q0.003
1431. 0.008
i701. 0.009
2081. 0.01%
2750. 0.014

TEMPERATURE DISTRIBUTION OUTPUT

X = INSTANTAMEOUS DISTANCE FROM FLASHING  INTERFACE

INSTANTANEQUS DISTANCE FROM INTERFACE= ¢.050  INCHES

(TIME) (TEMP)
€.240 C£.27EQQE+04

FEEREX X AL I L AN A TR A A A RS E AT TN I AR EE AR IS EE AT AN NN AN SN ES TSN AN AL AR AT N LN E SR A

INSTANTANEDUS DISTANCE FROM INTERFACEg 0.100  INCHES

(TIME) {TEMP)
€.240 0.23937E+04

EEEL LR P L LR EL L PRI E RS R Lt L b R R E Y FTYY T RN Y Py piprg ey
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INSTANTANEOQUS DISTANCE FROM INTERFACE= 0.130 INCHES

(TIME) (TEMP)
8.240 0.20930E+04

L e e T T T L s L LT L L T Ty ey
INSTANTANEQUS DISTANCE FROM INTERFACE= 0.200  INCHES

(TIME) {TEMP)
8.240 Q.19020E+04

bbb R R L L D L L T PP
INSTANTANEOQUS DISTANCE FROM INTERFACE= 0.250 INCHES

(TIME) (TEMP)
6.240 0.17518E+04

*"“‘“‘X"l“--*.“"-l“‘“‘I*““‘-‘““‘*“*"“'“*’**““"**“*“.““
INSTANTANECUS DISTANCT FROM INTEZRFACE= 0.300 INCHES

(TIME) (TEMP)
8.240 0.17101E+04

R AN AR R AR R AR IR AN N A NN A AN SR NN E R AR R A EE NS
INSTANTANEQUS DISTANCE FROM INTERFACE= 0.350 INCHES

(TIME) (TEMP)
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6.240 0.18517E+04

ilttHIHI!“ll!l.!!lIIIIll“‘3“.“#‘!"11"Qi*t‘tt‘ﬂ.*‘l‘tt‘*“ti**‘Itxlttt-

INSTANTANEQUS DISTANCE FROM INTERFACE= 0.400  INCHES

(TIME) (TEMP)
8.240 0.16124E+04

t-tt::zttt**:ussst*-t‘tt:::tltiltlt#ttt!tas!--‘itttntt:t:ﬂtttt!t:!::s:ta::-xnns
INSTANTANEUUS DISTANCE FROM: INTERFACE= 0.450 THCHES

(TIME) (TZMP)
8.240 Q.15870E+04

e e R R L R e R R R L e L e L T T o ] o T e pnpeepmpr g papu e
IMSTANTANEQUS DISTANCE FROM INTERFACE= 0.500 INCHES

(TIME) (TEMP)
8.240  0.1570QE+04

III’$I$¥*!-1$$!Xl!‘*.l"'l:".‘l*!l‘llI‘I!.‘."‘l‘t‘¥¥II$‘!#3!¥II#¥¥*#IItut*

TEMPERATURE QUTPUT IS COMPLEIE
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APPENDIX 3

Case Studies cof Welded Chain Failures

One of the major problems encountered in trying to de-
termine the causes of welded chain failure is the lack of
documentation of the actual chain failures; The number of
documented c¢ase studies coﬁpafed to the number of failures
is quite small and may not numérically reflect the true rep-
resentation of the frequency of occurence of the particular
tvpes of failure. The U.S5. Wavy maintains a good reporting
system: but 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 aznalysis from an operator's view-

point.

The world's merchant fleets are not always required to
document their casualties: and for this reason the number
of case studies of failure analysis is very small. Even the
documented cases are often vague and fail to identify the
type of chain, material properties (i.e., tcoughness), load-
ing conditions, and method of stud imsertion. For these
reasons, it beccmes very difficult to judge why certain fail-
ures occured when insufficient Information exists to make
an engineering decisicn. A need therefore azxists to docu-

ment all anchor chain casualties, so that the dominant



P

causes 5 failure can be Identified and correcred where
possible. Failures associated with the fabrication process
could possibly be decreased by the improvement of manufac-
turing techniques and gquality ccntrol. A literature search
has revealed several case studies of chain failure and some
of these will be discussed; Again these are only a sampl-
ing of types of failure that can occur: and may not reflect

all of the possible methods of failure.

TABLE CF
CHAIN FATLURE ANATYSIS

*
CAUSE OF CHAIN FAILURE INFLUENCE ON FAILURE RATE

Lack of Fusion
Hot Cracking Very Significant
Electrode/Grip Defects

Corrosion
Brittle Failure Significant

Notch Initiated

Wear and Abuse Margingl/ s
. Undetermine
Fatigue



Severzl links of chain shewing axcessively hizh wear
were examined by Yaumann and Spias.C63) Their {avestigation
dealt with Zlash 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 (ﬁald) which corresponds
to an area of high stress. A metallographic examfnation was
made of this afea: and alsb séctions of the undamaged area
were studied. The results revealed that the outer surface
of the chain link contained coarse acircular martensite
with a fairly large percentage of retained austenite, all

indications of the link being strongly overheated.

Additicnally, it was noted that the butt weld seams
wers not of extremely high quality, and were covered with
oxide inclusions. These inclusions could have resulted From
insufficient upsetting distance during fabrication. BRe=
cause of the poor weld quality; this area understandably
exhibited an extremely high wear-rate with respect to the
rest of the chain link zrea. From this case study, it can
be seen that the initial appearance of an excessive wear
pattern coulcd De misleading in that the real problem was

caused by coverheating and insufficient upsetting actionm.
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CASE 2

Fractured Chain Liﬁk

A second chain failure studiad by Yaumann and Spies<53>
involved a link of a heat resistant steel 30 Cr Mo V9 chaim.
The actual fracture 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 many of the sulfidic

and e¢xydic impurities are élightly soluble and upon cooliﬁg,
deposit along the grain boundaries as a fine dispersioen.
Because these oxides degrade the material quality, they lower
the strength and plasticity of the steel. This decrease in
plasticity is of particular importance in chain links since
it can give rise to premarure appearance of a fracture attri-
butable to low ductility. Confirmation of the suspicion

of overheating was gained by the detection of a coarse-
grained acircular neat-treated structure of the chain link.
The chain had to have been overheated to a fairly aigh tem-
perature (i.e., greater than ZlOOOF), in order for the

impurities to dissolve.
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CASE 3

Tailure of Zlect=ically 3ucs-Welded Mild 3teel Chains

gscsa)

It a chafa failure

9

tudy compiled by Hitchin
a studless welded chain link; the failure resulted from
fracture of one of the links in the plane of the weld. Other
links of the same chain exhibited cracking within the weld
area, with the apparent crack initiation sites being the
inner link surfacel Samples wére taken from the weld area,
and the results revealed the presénce.of'discontinuities
caused by lack of fusion or inadequate expulsion of the
oxides formed. Additionally, the theory of inadequate

fusion was substantiated by the presence oI a pearlite

structure in the area next to the discontinuities,

The final evaluation was that the failures were due to
defective chain produced by an automatic welding machine.
Since several ¢f the links <tested gave the same indications,
it was concluded that <the initial machine settings were im-
proper; or that the welding parzmeter settings had drifted
off their set position over a period of time. This type of
failure was not unceommen, since a2 large number of examples
were encountered. The conclusion of this study was that the
only means to aveld these defects was to ensure that proper
settings were maintained on the welding machines. Frequent
testing; inspection and checking of the weld quality was
necessary to keep defective chains from entering active

service,
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CAST 4
(64)

Fatigue Failuresg of Links from Grab Chains

The chain studied in this case was studless; and orwo-
duced from higher tenéile steel., Tailure of the iink cccur-
ed at a location adjacent te the butrt weld in the side of
the link after a service life of about six months. The

fracture surface exhibited two distinct areas:

1) Bright cfyétaiiiﬁe - area resulting from brittle

fracture at the time of failure.

2) Discolored, dark - area asscciated with earlier

existing fatigue crack (crack initiation

area).

A concurrent failureoccured at the crown, which resulted from

a combined brittle rupture and tearing actiom.

Microscoplic invéstigation revezled that the butt welds
were of good quali:y: but thé failure initiated within the
HAZ of the weld (.0625 in:); A further examination indica-
ted that numeroﬁs surface fissures existed, which could have
been present in the bar stock; or could have resultad from
the repeated stresses of in-service use, These figsures had
the appearance of corrosionQEAtigue; or fatigue cracks; but
this could not be definitively determined. Surface decarburi-
zation was also present, which indicated that the chain was
improperly normalized or that the bar stock was initially at

fault,



The
that cne
and when

conclusions drawn on =his sarzicular failurs were

of the surface figsures developed a high growth rats,

'y

it reac

ri

ed approximataly pid-section thers was ‘n-

sufficient metal area awvailable to withstand the applied

load. Possibly due to 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 indicating that

other failure sites also existad znd that the failed link

was not just an isclated case,
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_ (84)

Fatigue Failure

A failed link of studless, high tengile strength steel
chain was examined, and it was determined that fracture tock
place in an area adjacent to the side butt weld joint.

Within the fracture area three specific zones were detected:

1. Smooth fracture - approximately half the cross-

sectional area was composed 0f'this;'extending
from the inside of link and extending to about
half the thickness of the bar diameter. 3Be-
cause of the nature of this surface it was con-
cluded that this area of fracture was due to

the gradual growth of fatigue cracking.

2. Coarse fracture - about 75% of the remaining

area (307 of entire chain rod diazmeter) exhibi-
ted this coarser £fracture surface. The coarser
structure was associated with 2 more rapid crack
growth rate and hence the time to cover this
area was considerably less than that of the
previcus zone. This area was located adjacent

to,and outboard of, the smooth fracture zone.

3. Tear zone - this area encompassed zbout 207 of
the entire rod dismeter znd was caused by a

rapidly propagating crack which had exceadad
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the critical crack length of the matsrial,
This area tore out at the time of Zfinal
failure.

Closer microscopic examinaticn revealed that the actual

failure occurred in the HAZ, 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 indiéated that a slight physical surface
depression existed at the sight of the crack initiationm.
The appearance of the crack was identirfied as being tynical

of one resulting from fatigue actioen.

Several cther links from the chain were examined and
additional cracks were identified in the areas of the weld
line. Some of these defects were fissures associated with
the oxidizad material that had been partialiy expelled from
the weld line during the upsetrting action. The presence of
the oxides indicates_possible cverneating during the welding
process. Since these oxides were located only onm the out-
side surfaces of the link, and this is usually trimmed off
after the upsetting stage, it implied that inadequate trim-
ming had teken place; The cracks that did cause Failure 211
started in the upset portion of the joint, with the cracks
situated in che HAZ where the material was subjected to a

Cransition temperature range. In this zone, some material
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is hearad zbove its critical temperature while at the

1}

other end of the zone the material is virtually umaffected.
it was concluded that this transition zone was associated
with a slight degradation of the material's fatigue endur-
ance and cther mechanical properties. This change in prop-
erties could have caused a "mechanical notch', which acted
as a stress concentration factor for crack initiation and

growth, resulting in failure pf the link.
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CASE &

ailure of 3%'" Chain Cable Links

i;l

A chain failure znalvsis of 3% in. anchor chain {CRQ)
conductad by Lloyd's Register of’Shipping(és) revealed :that
the broken links failed in a brittle manner at the positions
of the flash butt welds, and at similar positions at the
other sides of the link. The initial fracture was caused
by hot cracking in the butt welds. Further tests showed
that the chain material exhibited inadequats impact stzength
at 32°F; Steels of thé type from which this particularx
chain was made, 1.6 - 1.9% Manganese, could develop partially
hardened surfaces upon normalizing. This characteristic is
dominant 1f the amount of manganese is present close to its
upper limit.

-

The fractures that occurred in the vicinity of the
weld line showed a Dlack oxidized zrea on that part of rhe
fracture adjacent to the stud. A coarse granular structuras
was noted, along with 2 high temperature scale coating. In
the area away from the stud interface the fracture was
bright in zppearance and crystalline, indications of britrle
fractuze. It should be noted that the fractures on the
opposite sides of the link (away frzom weld) were entirely
briccle in nature. The characteristic chevron markings in-
dicated the origins to be positions wherae the studs were

circumferentially arc welded to the link. (TRese fracrure
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B

sizes may tave deen induced by the stop-stazt action of

ding in zhe sctud.) These brittle Ifractures at the welded

l—l

we
stud interface were transgranular and had propagated from
shallew weld depcsics between the links and the ends orf the

studs.

The final conclusion was drawn that the tendency fer
carbon steels with manganese content greater than 1.5% to
exhibit air hardening with drastic notch ductility reduction
should be anticipated. When the Mn content apprcaches 2%
other elements such as nickel; and chromium tend to be fair-
ly high.and; hence, increase the possibility of partial
hardening of the steel. It is therefore recommended that
the chain be tempered after the normalization process in

order to restore its toughness.



CASE 7

Examinaticn of Cefscerive 3% in. Chain

[ 19

A chain link from a chain used on z drilling zig Sailed
due to hot cracks in the overheared zones c¢n both sides of
the flash butt weld. This investigation cecnducted by

(66) showed that the bar stock had met tensile re-

Lloyd's
quirements, but exhibited insufficient toughness. The low
impact strength was associated with the presence of a bainite
structure, which had formed due to the Manganese content of

1.93%.

The site of the actual failure contained a ground groove
which had a small crack in its hottom section. The lower
part of this crack was oxidized and scaled, and similar con-
ditions were Zound on the fracture closer to the positicn
of the stud. 1In addition, a dark line defect on the weld
fusion line was confirmed to be a discontinuity in the weld.

It contained entrapped scale and oxide.

The cverall conclusion was that the major defects in
the weld zone were hot cracks associated wizh the severe
grain coarsening experienced by the HAZ microstructurs
caused by overheating during welding. Even though the chain
had been correctly normalized, which was confirmed by the
uniform material hardness and structure, this could not

T

compensate for the damage caused during cverheating. The
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problem was further complicated by the presence of che
bainite structure which lowered the nctch toughness of the

chain link.



Broken Chain Cable

. . ‘s (67 y ;
Another case study czonductaed by Llovd's 673 dealtz wich

an anchor chain that suffered z transverse “ractura that
occurred through the center of the indentation caused by the
stud. The area immediately below the stud was crystalline

in nature and covered with a dark scale associated with hot
cracking of the butt weld. The lower half of the fracture
was clearly the wesult of brittla fracture dve to <he
presence of chevron markings on the fracture surface. Macro-
scopiz examination of ilink sections revealed the presence of
a flash-butt weld in the center of a severe indentation
produced during fitting of the stud link, which resulted in

fracture along the HAZ.

The investigation coneluded that the brittle failure
was caused by a crack in the weld zome <hat was present prior
to the chain being plzaced in sexvice. This was substantia-
ted by the heavy decarburization of the fracture surfaces of
the original crack, indicating its presence prior te final
heat treatment. Since the fracture did not originate on the
flash weld line, it was ccncluded that the initial flaw was
caused during the closing of the link into the stud, The
pressure’ applied during this operation caused local indenta-
tion and flattening of the stud, resulting in a longitudinal
strain. This plastic deformation causad the initial crack

which was the origin of the final fracrture.
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CASE &

Fuamination of Cracked 3% in. Chain

This Llovd's study investigated circumferential crack-
H - - o s e e - (68)
ing from the center lines of the {lash butt welds.
These particular chains did not fail, but were rejected dur-
ing magnetic particle inspection. The cracks were crescent
shaped laps on the link surface, and they were present on

beth sides of the weld line (ebout 1 ianch). The material

centained some bainite which accounted for its lower than

expected notch toughness.

The flash butt welds of all the links were sound, and
the HAZ structures were reasonably fine grained. The dis-
turbed nature of the flow pattern of the steel indicated
they were folds in the surfaces of the links which penetra-
ted up to .3 inches. Because of the nature cof the delect,
and because of its constant locatiom, It was concluded that
they were associlated with the method of gripping the bdars
during the flash-butt welding process. This is reasonzble
since similar problems have been encountered in the pro-
duction of ccntinucus welded rails for the railroad industry.
Another cause of failure associated with the grips/elactrodes,
reported by the rall industry, has been localized burning,

which has led to many defective rails.
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