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A WORD ABQUT THE NSRP

The National Shipbuilding Research Program (NSRP) has been engaged
in research related to inprovenents in shipbuilding in the U S. since
1973.  The programis a cooperative effort involving shipyards both
comercial and Naval, and related industries and educational institutions.

Since the inception of the programin 1973, R&D projects have
been performed which have contributed significantly to shipbuilding
in the areas of facilities, environmental issues, outfitting and production
ai ds, design and production integration, human resources innovations,
training, coatings and flexible automation. A library and bibliography
of NSRP reports is maintained at the University of Mchigan, Transportation
Research Institute, Ann Arbor, M chigan

The programis carried out under not-for-profit contracts and _
cooperative agreenments funded by the U S. Navy and the Maritime Adm nistration



LEGAL NOTI CE

Thi s report was prepared as an account of
gover niment - sponsor ed wor K. Neither the United States,
nor the Maritime Adm nistration, nor any person acting on
behalf of the Mritime Admnistration (a) nakes any
warranty or representation, express or inplied, wth
respect to the accuracy, conpleteness, or useful ness of
the information, apparatus, nmethods, or process disclosed
in this report may not infringe privately owned rights;
or (b) assunmes any liabilities with respect to the use of
or for damages resulting from the use of any information,
apparatus, nethod, or process disclosed in this report.
As used in the above, "persons acting on behalf of the
Maritime  Administration” i ncl udes any enpl oyee or
contractor of the Maritinme Admnistration to the extent
that such enployee or contractor prepares, handles, or
distributes, or provides access to an i nformation
pursuant to his enploynent or contract with the Maritine
Admi ni stration.
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FOREWORD

This SP-7 project report was performed by the "Accuracy Control"
group at the shipyard of Ingalls Shipbuilding, Inc. in Pascagoul a,
M ssissippi under the |eadership of Ron Besselievre and Lee Norton

Duringthe time of performance of the task, no less than 12 najor
ships were in various stages of construction in the shipyard including
3 LHD's, 6 Aegis cruisers and 1 DDG 51 Arleigh Burke class destroyer
During that time, one LHD and three cruisers were conpleted.

The fact that the work of the project was being done by the group
whil e simultaneously supporting shipyard operations ﬁresented bot h
difficulties and opportunities. Not the [east of the problems were
the requirements of both tasks on the time and energy of the engineers.
On the other hand, there was the positive advantage that over 100 tons
of alum num and steel was being cut into thousands of piece parts,
fitted and wel ded into nmodul es and integrated into ship structures.
This situation made it possible for themto gain access to cutting
and wel ding operations of |arge nunbers of plates, beams and subassenbli es,
the like of which could hardly ever have been neasured except in a
wor ki ng shipyard environnent. The shipyard production situation also
allowed themto keep in perspective not only the need for distortion
control technology which is technically efficacious but which is cost
effective with respect to manhour requirenents and also practical in
i npl ement at i on.

One of the principal objectives of the task was to acquire and
report enpirical data on some of the distortion control and correction

t echni ques which are in use, but, for which, quantitative data in non-existent
or difficult to find

The materials and processes used and the types of deformations
neasured are typical of those which are used and which present distortion
problens in virtually all shipyards. Some of the topics covered include
Beans which were deflanged by oxy-gas cutting in preparation for structures,
large inner bottom plate and beam structures being installed wthin
the shell of the hull, deck and bul khead panels which had bul ges and
buckl es and other typical distortion control problem areas. The fact
that these assenblies were able to be measured while in the process
of growing into a ship is a bonus of this project.



Foreword (Con't) Page 2

An informative explanation and description of the fundanenta
mechani sns of distortions caused by welding and heating is presented
in the report prior to going into the details of the experinents
and neasurenents which were performed. It will be seen that those
same causative nechani sms, when controlled, can be used as the basis
for corrective procedures, as, for exanple, in line heating.

An effort was made in the project to acquire data on the effects
of vibratory energy input on distortions due of welding, and that data
is presented. Those experinents did not yield results sufficiently
definitive to justify drawing any broad conclusions on that approach
to stress relief and distortion control. It is clear that considerable
experimentation and testing beyond the scope of this project would
be needed to quantitatively evaluate the assertions of advocates of
resonant and sub-resonant vibraton as a means of stress relief and
di stortion control

Measurenents were nmade to develop hard data on approaches to
distortion prevention and correction which are of primary interest
to shipbuilders including: pre-heating, backsetting of large panels
while welding in place, backstepping and staggering the sequence of
wel ding, use of water spray while oxy-gas cutting to deflange I-beans,
and induction straightening. On each of these subjects, data is presented
with a discussion of the methods used and a statistical analysis of
the results. In addition, an appendix was added to provide a summary
and discussion of the statistical methods used in analysis of the enpirica
data reported

Distortion control in large conplex, welded structures is a large
and conplex problem No single technique is available to resolve all
or even nost of the problens. The principle objectives of this project
was to provide quantitative, real-world data on sone of the approaches
to distortion control and to share that data. Wth the conpiling and
distribution of this report those objectives have been net. It is
hoped that study of the report will stinulate further efforts to nmake
unwanted deformations in welded ship structures predictable, correctable

and eventual |y preventable.
O&v@@““ |0(1'L(qo
o J

. J. Davis
SP-7 Program Manager
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Fabrication Accuracy Through
Distortion Contro

1.0 Introduction

In ship construction, as in nearly all nanufacturing
i ndustries of such a conplex nature, the reduction of rework
provides a significance opportunity for inproving productivity.
To acconplish this inprovenent, parts at each manufacturing
stage nust be nade accurately so that correction in follow ng
stages is not necessary.

In many industries worldw de, statistical control nethods

are being used to obtain these accuracies. I nterim processes
that produce these parts are being placed into a measured
state of control. Normally achieved accuracies are being

defined. System c causes for inaccuracy are being identified
corrections instituted, and the effects of these corrections
determned . In this fashion, the accuracy of parts and reduction
of rework are being achieved in an organi zed, nethodical manner
that lends itself towards continual inprovenent.

Distortion from welding and burning processes is a
system ¢ problem common to all shipbuilders. Because of the
extensive use of welding and burning processes in nearly all
stages of construction, the cost inpact of distortion is
subst anti al This inpact appears iv not only the straightening
costs necessary to renove the distortion, but also (and probab-
|y many times nore costly) the increased efforts required in
fitting distorted pieces. additionally, welding cost may be
increased . The added wel ding costs that result from poorly fit
pie?es may in many cases be traced to distortion in the pieces
at fitup.

In nost situations, distortion nmay be significantly
reduced or even elimnated through use of a variety of control
nmet hods.  Thus, just as the dinensional size of parts may be
controlled to mnimze the accunul ation of tolerances and



resulting rework; occurances, the distorted configuration

of parts may be simlarly controlled. Distortion and the
added fitting, welding and straightening costs that go with
it need not be passed from one stage to another. From this
vi ewpont, the added costs fromdistortion nust be considered
as "rework"

The application of distortion control cannot be |eft
to the wel der al one. In fact, too often the welder is
bl aned for distortion effects that are the result of choices
in previous stages. For exanple, the design configuration
of the weldnent, design of joints and weld sizes, planned
sequence of assenbly, cut accuracy of parts, and fitup
accuracy are all factors affecting the part distortion in
whi ch the wel der normally has no input.

Instead , each individual involved at each stage in the
design, planning and construction of a part nust be responsible
for mnimzing its distortion. Proper application of distortion
control must start with the design effort and conti nue through
the final weldout of the product.

2.0 Approach

The objective of this report was to identify and di scuss
t he various methods for reducing distortion in shipbuilding.
including testing of some specified methods. This was accom
plished through a review of current literature on this subject.
observations of practices in-yard, and then testing of sone
sel ected distortion control methods, including:

0 application of resonant vibration during shielded
nmetal arc welding of Dutt welds
0 presetting of flat innerbottomunits

0 backtep and wandering weld sequencing versus
continuous flux core arc welding of butt welds

0 preheati ng of submerged arc wel ded panel butt wel ds

0 application of water coolant to I-beam flange stripping
operation

0 i nduction straightening of thinner plating.



In testing of nethods, it is sonetimes difficult to
establish whether the differences in the test sanples are the
result of actual differences in the methods being tested or
sinply variations inherent in the sanpling effort. For this
reason, statistical methods were applied to establish the
confidence | evel at which test conclusions could be nade. To
assist in the understanding of these resultsy the Appendi x
provides a brief description of the statistical nethods used.

3.0 Wld Distortion : Heated Bar Anal ogy

Wl d distortion and residual stresses occur from the
restraint inposed on the weld as it tends to cool and contract.
The nost common anal ogy for describing this mechanismis that
of a heated bar.

When a bar is uniformy heated, as in Figure 15 it
will expand in all directions. \Wen cooled, the bar wll
contract uniformy in all directions and return to its
ori gi nal dinensions.

If this bar is restrained while heating, as in Figure 2,
then it is prevented from expanding laterally. The sane
vol une expansi on nust occur, however, so that it expands a
greater anount vertically. As the bar cools, it again
contracts uniformly in all directions. This contraction
however, does not return the bar to its original dinmensions.
It is narrower laterally and thicker vertically. It is said
to be "pernmanently upset” or "deforned"

What woul d happen if this bar were restrained whils
cooling? If restrained, then contraction would be prevented
Tensil e stresses woul d devel op that could eventualy equa
the yield stress of the nmaterial.

The stress and strain effects on this par as it is
heated and cool ed are anal ogous to these occuring in a wel ded
joint. As the weld nmetal is deposited and begins to solidify,
it is at its maxi mumvolume. As the weld netal cools, it
tends to contract but is sonmewhat restrained by the adjacent
base metal. Tensile stresses are devel oped.



Figure 1.

Size before heazing

Unifor@_expansion

Ll in all directions

‘when heated

Size when coolea bq
to original cemperai

Dimensional change of unrestrained bar when

heated and then cooled back to original temperature

N
A\

Bar restrained
from expansion
horizontally

NN

MY MNTIRR

I
!
|
|
|
!
|
|
P
\Q\

WY

MY

Original
dimensions

N\,
N
AY

\\\

N AR

N\

v

N'
|
I
|
!
I
|
|

‘\\‘.\\.
HQQ

Criginal
dimensions

N

N

Joon Z2oling,
uniformiv,

Condition prior
to heating

t
]
=~ 1h

27 2

)
2nds v =y

7 S and thick=r
-
7 - S
7’/. 1 1/,:
p //7,
iz
- ~ . . . . . -
Figure Z. Dimensional change of bar restrained Trcm expanzisn
horizontally when heated and then coolea back to original temperaiurs



If the adjacent base metal is restrained from noving
(by clanps, dogs, turnbuckles,etc.), then the tensile stresses
devel oped may eventually reach the yield stress of the
material .  Wien the restraints are renoved, these stresses
will be partially relieved by the novenent, or "distortion",
of the base nmetal. The renmalning unrelieved stresses that
are internal to the weld (and often still near yield stress
val ues) are known as "residual stresses”

During cooling, if the adjacent base nmetal is unre-
strained, then the increased contraction of the weld wll
result in significantly increased distortion. At the sanme
time, with this increased nmovenent, tensile stresses will be
relieved further and residual stresses reduced.

4.0 Types of Weld Distortion

As a weld cools, it contracts in all directions and
forces dinensional changes upon the weldnent. These dinen-
sional changes may be described as various fundanental types
of distortion (ref 1):

4.1 Transverse shrinkage -- occurs perpendicular to
the weld line, as illustrated by the butt welding
of two plates in Figure 3(a)

4.2 Angular distortion -- occurs when transverse
shrinkage does not occur uniformy throughout the
t hi ckness of the piece. For exanple. as in Figure
3(b), the fillet in a buiit-up tee section does not
penetrate the flange conpletely. The transverse
shrinkage forces on the top of the flange are
resisted by the bottom of the Flange and cause a
rotation around the weld,

4.3 Longitudinal shrinkage — occurs parallel to the
weld line, as illustrated by the butt welding of two
plates in Figurs 3(c).

4.4 Longitudinal bending (bow ng) -- occurs when weld
shrinkage occurs at sone distance away from the neutra
axis of the weldnent. As an exanple, Figure 3(d) shows

L
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| ongi tudi nal bending that occurs in a built-up tee
section. As the fillets shrink longitudinally, a
bendi ng nmoment is devel oped about the neutral axis
of the tee, producing a "bow ng effect".

4.5 Buckling distortion -- occurs in thinner plating
where residual conpressive stresses of the weld
overcone the resitance of the plate to buckling
in areas away fromthe weld. As the butt weld in
Figure 3(e) shrinks longitudinally, the thinner
plating away from the weld nust conform (since it is
not strong enough to resist) to the sane length
l ongitudinally and buckl es.

5.0 Calculation of Weld Shrinkage and Distortion

Formulas for estimating shrinkage and distortion
amounts, provided from a nunber of references, are identified
in Figure 4.

Since weld shrinkage and distortion can vary greatly
with the type of welding process, welding speed, degree of
restraint, etc., these calculations should be used as estinatss
only. For conplex weldnents, the only practical means for
determning the distortion effects is on a trial basis. Wen
acconplishing this, however, it is inportant that carefu
control is maintained over the variables (assenbly procedure,
fitup accuracy, weld sequence, etc. ) that affect the distortion
Only in this manner may the results be interpreted correctly
and repeatability of the control measures be expected.

6.0 Allowances for Weld Shrinkage

The U.S. Navy provides allowances for weld shrinkage
in Mi-Std-1689(SH), "Fabrication, Wlding, and Inspection of
Ships Sructure", as shown in Figure 5. As stated, these
al l onances are for "guidance only and will depend on factors
such as fixturing, joint restraint, welding process, sequence
of wel dings heat input and size of welds."
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7.0 Structural Fairness Requirenents

Structural fairness requirenents for U S. naval surface
ships are provided in MI-Std-1689(SH).

7.1 Unfairness of welded plate:

Figures 6 and 7 provide the unfairness (deviation from
nol ded line) tolerances for steel and al um num wel ded
plating in the follow ng areas:

(a) Entire shell.

(b)  Uppernost strength deck.

(c) Longitudinal strength structures within the m dships
3/5 length for displacenent type ships, or as speci-
fied for other type ships which includes innerbottoln
tank and the uppernost strength deck if continuous
above nachinery spaces.

(d)  In transversely framed ships, the permssible
unai rness for structure noted in (a), (b) and (c)
above is reduced by 1 inch.

(e) Bulwarks and exterior superstructure bul kheads.

Figures 8 and 9 provide the unfairness tol erances in
steel and al um num wel ded plating for the follow ng areas:

(a) Structural bul kheads form ng a boundary of a living
space (stateroom office, berthing, messing or [|ounge
area) and passageways contiguous to such spaces.

bh) Decks within the hull and superstructure in way of
t he above |iving spaces.

¢) Decks exposed to the weather

d) Tanks and main transverse bul kheads.

e) Innerbottom plate |ongitudinal.

7.2 Bows in frames, peans and stiffeners:

Tol erances (plus or mnus fromthe designed or nol ded
line) for bows in franes, beans and stiffeners in _
primary strength structure or structure subject to dynamc
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| oadi ng are established by:
tol erance (inches) = span (feet) / 4 x depth (inches)

where "span" is the distance between the fixed ends at
support structure and "depth" is the depth of a stiffening
menber measured from the underside of the flange. The
neas%renegt must be taken from the nost distorted position
in the web.

7.3 Deviations fromthe nolded form

Devi ations of ships structure from the nolded form should
not Eexceed :

(a) Plus or mnus 1/2 inch fromthe veritical |ongitudina
centerplane with an additional plus 1/2 inch toler-
ance for ships greater than 100 feet in beam

(b Plus or mnus 1 inch in 100 feet of I|ength.

(¢) Plus or minus 1 inch of beam w th an additiona
plus 1 inch tolerance for ships greater than 100
feet in beam

(d) Between deck heights are to be within plus or mnus
3/8 inch. Acclunul ated deviation at any deck | evel
shal |l not exceed plus or mnus 1 inch from the nol ded
deck line. An additional accunulated deviation tol-
ance of plus 1/2 inch is permtted for ships with
greater than 50 feet from baseline to uppernost
conti nuous deck.

When working to any specification tolerances for a

product, it nust be kept in mnd that the function of the
product and not necessarily its cheapest nmanufacture were the
critaria used in their establishment. Thus, the in-process

tolerances that are necessary to mnimzs construction casts
may be nuch tighter than those required in the final product.

As an exanple, the 1/2 inch unfairness tolerance allowed
for a steel deck (3/8 inch plating with 27 inch stiffener
spacing) in Figure 6 could certainly cause installation
problems for a machinery foundation or deck drain in that
| ocati on. Consequenly, the effects of distortion on the next

13



stage of construction nust be considered when establishing
i n-process tolerances.

8.0 D stortion Control Methods

Extensive literature exists describing nethods for
reduci ng distortion. In fact, much of the information necess
ary to significantly reduce distortion in shipbuilding currently
exi sts. What is required is a nmuch better understandi ng and
wi despread application of these nethods in both design and
producti on. In particular, these nethods nust be thoroughly
understood by 1st |ine supervision so that nonitoring of weld
sizes, sequence of assenbly, choice of fixturing,weld sequenc-
ing, etc., are routine considerations in the fabrication of
wel dnment s.

A review of these distortion control nethods is provided
here as a general guidline in the application of distortion
control to the innunerable design and construction circunstances
that occur in shipbuilding. Summary comments concerni ng those
met hods which were tested are al so incl uded.

8.1 Distortion Control in Design
8.1.1 Mnimze weld design sizes.

Transverse shrinkage in a butt varies with the cross-
sectional area of the weld. Thus, reducing the weld
cross-section will reduce shrinkage. For buts 1In
thicker plate this nmay be acconplished by reducing the
bevel angle and decreasing the root gap, using "3" and
"U' joints, or using double "V' joints (ref 24).

For fillets, only the smallest leg length necessary to
support strength requirenents should be used. It nust

be kept in mnd that the cross-sectional area of a fillet
varies with the square of the leg length. For exanple

as in Figure 10, if the leg of a fillet is increased from
2/ 16" to 1/4", then the cross—sectional area of the weld

i ncreases 77 percent.

14



Cross sectional area Cross sectional area
= (0.188)°(0.5) = 0.01767 in. = (0.250)°(0.5) = 0.03125 in.

3/16 inch ,// 1/4 inch
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In conparison, the 1/4 inch fillet has a 77 % |arger
cross sectional area than the 3/16 inch fillet weld.

Fi gure 10. Effect of small increase in leg length on the
cross sectional area of a Fillet weld



8. 1.2 Joint location to bal ance shrinkage forces

Joints should be |ocated to bal ance shrinkage forces
around the neutral axis of a weldnent. Figure 11
illustrates how weld joints may be |ocated to produce
of fsetting bendi ng nonents and reduce distortion.

In a butt weld, the use of a double-vee rather than a
singl e-vee joint places equal volunes of weld on each side
of the plate, as shown in Figure 12, thereby bal ancing
shrinkage forces around the neutral axis.

8.1.3 Intermttent welding

Intermttent welding involves the use of alternating weld
segnents in a joint with non-wel ded segnents. \Were
strength requirements pernit, intermttent welding can
reduce the total weld volunme of the joint considerably.
Figure 13 shows the chain and staggered intermttent weld
t ypes. In accordance with MI-Std-1689(SH), intermttent
wel di ng shoul d not be used on primary ships structure or
areas exposed to water or weather.

8.1.4 Material properties

The choice of materials plays an inportant role in the
distortion of the weldnent. Physi cal and mechani cal
material properties such as the coefficient of thernal
expansi on, thermal conductivity, nodulus of elasticity
and yield strength can provide insight into eventua
distortion problens in fabrication (ref 22).

The "coefficient of thermal expansion" defines the anount
of expansion that a material undergoes for each one degree
rise in tenperature, and the anount of contraction when
tenperature decreases. Hgh coefficients of thernmal expan-
sion will cause greater contraction during cooling of the
wel d and heat affected zone, thereby increasing distiortion.

"Thermal conductivity" defines the rate at which a nateri al

transfers heat. Low thermal conductivity will cause sl ower
heat transfer fromthe weld area, a higher thermal gradient

16
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8.2

and greater distortion.

The "nmodulus of elasticity" defines the proportional

rel ati onship of Stréss to strain, or stjffness, of a nater-
ial. A low nmodulus of elasticity will be less stiff,
allowing increased strain (or streching) fromweld stresses
and increased distortion

"Yield strength" defines the stress |level at which an
arbitrary deviation fromthe proportional stress/strain
rel ati onship exists (often at the stress where 0.002 in/in
strain occurs) . As a weld and heat affected zone cools
and contracts, near yield strength stresses are devel oped.
Consequently, high yield strength materials result in

hi gher stress levels and increased distortion

8.1.5 Design stiffness

Longi tudi nal bending is resisted by the nonent of inertia
of the wel dment. Wiere mnimzing distortion is critical
increasing this design characteristic can reduce this

di stortion.

Buckling distortion is nuch greater than bending distortion
and nust be of particular concern with thinner plated
structures. Control of plate thickness and the span

bet ween supports so as not to exceed critical values can
prevent this distortion (ref b5).

8.1.6 Weld shrinkage

The di nensi onal accuracy of subassenblies routinely
affects the accuracy of "their fitup. When accuracy of the

parts is poor, inaccurate fitup and overwelding is often
the result. The incorporation of weld shrinkage val ues

increases the accuracy of parts, thereby reducing poor
fitup, overwelding and distortion.

Distiortion Control in Production

8.2.1 Construction sequence

in planning the constructiton of a conplex weldment, the
wel dnent may be broken down into subassenblies so that
each subassenbly nmay be wel ded about its own neutral axis.



In this manner, each individual subassenbly may be
fabricated with mninmm bending distortion. I'n addition
what distortion does occur nmay be nore easily renoved in
the smaller, nore flexible subassenblies than in the
conpl eted wel dnment .

8.2.2 Fitup accuracy

Fitup accuracy is critical to minimzing weld distortion.

| nproper fitup will cause overwel ding and increased

di stortion. Where a m ni mum maxi num root gap is specified
in accordance with the joint design to insure proper
penetration, fitup should be to the m ninum root gap

requi rement as much as possible.

8.2.3 Presetting

Presetting of parts can be used to offset anticipated
wel d distortion as shown in Figure 14. Though not an
exact method, presetting becones increasingly effective
t hrough experience, as the ability to predict distortion
direction and extent inproves.

Presetting can be used to offset the bending distortion
that occurs in larger, as well as smaller, weldnents. As a
part of this report, presetting of 56 by 80 ft innerbottom
units (conbined with the use of weld sequencing and
restraint) was investigated as a nmeans of accomodating the
bendi ng distortion incurred on previous hulls. Resul ts
proved favorable and will be discussed later in this report.

8.2.4 Prehending

Prehending is used to offset anticipated weld distortion
in the same manner as presetting. igure 15 shows a
prebent flange being used to of?set the anticipated angul ar
distortion in a tee joint.

8.2.5 Prestraining
Prestraining is acconplished by elastically stretching a
part to offset weld shrinkage anmounts. As shown in Figure

16, bending of the plate will stretch its surface to offset
the transverse shrinkage of the fillet welds.
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8.2. 6 Restraint

Restraint inposed on a weld can significantly reduce

shri nkage anounts. Unl i ke some m sconceptions, when

the restraint (by clanps, turnbuckles, dogs, strongbacks,
etc.) is renmoved, the weldnment will not spring back to
the sane distorted condition that would have occured if
restrai nt had not been used during welding. This distor-
tion is elastic and nuch smaller in conparison to the
shri nkage anmounts that woul d have occured w thout restraint.

Al t hough distortion will be reduced, restraint increases
resi dual stresses and can lead to weld cracking. Pr oper
wel di ng sequence, and preheating with thicker plating,
can be used to mnimze these consequences.

8.2.7 Overwel ding

Wel ds shoul d not exceed the design size requirenents.
Fillets should maintain the design leg |engths. Fillet
and butt weld contours should be flat or only slightly
convex, MmMninezing the excess weld reinforcenment that

adds to shrinkage (ref 26).

Wl d size specifications for navy surface ships are
defined in MI-Std-1689(Si-i). Fillet sizes in excess of
design are al lowed as long as the contour is in accor-
dance with Figure 17. As shown in this figure, convexity
of the fillet is limtedto 1/8" or |ess. Except for

butt welds on the hull outer surface where a to 1/16"
rei nforcenent is specified for hydrod\dynam c purposes. no

maximumlimt is placed on butt weld reinforcenent.

Fillant weld sizes sanpled at ingalls Shipbuilding to
detetrmne the extent cf overwelding provided interesting

results and denonstrated the usetfullness of a rout
sampling effort. Fillet welds were nmeasured at two

separate construction stages: installation of stiffeners
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to panels, and installation of bulkheads to panels. On
each panel, 10 sanple neasurenents were taken for each of
the various designed fillet sizes required. The percent
overwel ding by volune was calculated for each fillet size
and then Conpared to the other panels neasured in the sane
construction stage to determine the "normal" accuracy of
wel d si zes. Results showed that:

O Underwel ding was found very infrequently and could be
attributed to welder training in this regard.

O Overwelding was mnimal on the larger fillet sizes,
1/4" and greater. Overwelding was increased on the
smaller welds that are often much nore difficult
to obtain. The smaller 3/16" fillets produced
relatively high amounts of 55.8 and 54.3 percent

overwelding in the initial sanpling effort.

O During the sanpling effort, a significant reduction
in overwelding was seen for the 3/16" welds in both
construction stages. Asshown in Figure 18, nearly
identical reductions of approxinmately 40% were observed
in each of the stages.

This inprovenent can be primarily attributed to the
priority on accuracy set by welding supervision
Specific actions included the establishnent of routine
sanpling of weld sizes, training classes for al

supervi sors and workl eadernen, the posting of exanple
weld sizes at the work site, the use of on-the-job
instructors in the field, and the devel opnent and
distribution of pocket-sized guides for fitting and
wel di ng.

26



Overwelding of Panel Frames: 38/16" Fillets

804 . : Process average

% old = 568 %
o 60+ new = 155X
5 = \
&40+ . \
20+ ° / % -~ ~.

o
e
o
b
e
o
o
.
o

—_— -—
n I — * -
v T T T T T T f + $ T T T T T T -t T 1
Individual Panels
Figure LEZ. Appraoximate 40 Y% reduction in overwelding oF 315 i-ga Frllao-
e 195 measduread thraunh random sampDiing 1M Figo SOnSr o o e mveiim = §enin = e ooy o
N -~ S NHE T2 T = LR d S - - = S~ - S Sl [YSE LUNiS vy ol L L O0



8.2.8 Weld sequencing

Sequenci ng of welds may be approached in three respects:

(1) sequencing of weld segnents within a pass, (2) sequen-
cing of passes within a joint, and (3) sequencing of joints
within a wel dnent.

The "backstep" sequence is a commonly used distortion
control method that involves the sequencing of individua
segnents within a pass. In this technique, a pass is
conpl eted by stepping through it using short individual
segnents that are opposite in direction to the general
progress of the weld, as shown in Figur 19. By welding
towards a previously wel ded | ocation through each segnent,
restraint is added to the segnment which mnimzes its

di stortion. Backstep welding is nost econom cally used
wi th manual and sem -automatic wel di ng processes. Figure
20 is an exanple of backstep welding used at Ingalls

Shi pbui I ding on the LHD contract bow unit.

The effectiveness of backstep wel ding in reducing angul ar
distortion as conpared to a wanderi ng backstsp sequence
and a continuous weld was investigated as a part of this
st udy. Results indicated that backstep welding signifi-
cantly reduces distortion. A nore detail ed explanation
will be provided later in this report.

In a multi pass weld, the sequencing of Passes from one
side of the neutral axis of a weldnent to the other side
can be used to balance shrinkage forces. Figure 21
illustrates how the alternating of passes from one side
of a doubl e-vee butt joint to the other side can be used
to mnimze angular distortion

Sequencing of joints within a weldnment is acconctlished so
that shrinkage forces in each joint or group of joints
are simlarly offsetting. Figure 22 snows a typical weld
sequence for mscellaneous foundations.
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8.2.9 Mnimzing heat input

Heat input nmay be reduced using sem-automatic or fully
automatic processes which allow increased welding speeds
over manual welding. The effect of the higher welding
speeds is to reduce the range of the heated base netal
outside the weld that contributes to shrinkage (ref 26).

If possible, weldnents should be positioned so that wel ding
can be acconplished downhand. Downhand welding allows for

i ncreased wel ding speeds versus vertical or overhead

posi tions. A variety of weldnent positioners are available
that may be used to maxi m ze downhand wel di ng.

On multipass welds, transverse shrinkage may be reduced

by mnimzing the nunber of passes as shown in Figure 23.
Larger electrodes may be used to reduce transverse shrinkage
if they are also used on the first weld pass (ref 5).

8.2.10 Peening

Peening involves the use of mechanical force on the

wel d that induces plastic flow and the reduction, of
shrinkage stresses. Peening is generaliy acconplished
using a pneumatic chisel with a blunt round tool

Peeni ng should not be used on the first pass due to the
possibility of causing cracking, or on the |ast pass that
may produce a work-hardening effect and/or interfere with
wel d inspection efforts (ref 29).

8.2.11 Preheating

Preheating is commonly used to reduce the cooling rate

of welds to prevent hardening and cracking, particularly
with high carbon steels. preheating tenperatures range
from60 F in cold weather situations to as high as 1200 r
for cast iron. Preheating is applied in a nunber of wavs
including by furnace, torch heating, electrical strip
heaters and induction heating. Figure 22 shows strip
heaters being used to preheat Hy-BO side shell joints and
and a main engine foundation. Tenperature control is
usual Iy mai ntaned using special, crayons or pellets That
nelt at a predefine tenperature. Portable pyroneters or
t her mocoupl es may al so be used for ,nmeasuring the prehsat
t enper at ur e.
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Preheating is primarily used as a nmeans of obtaining
proper weld quality. The use of preheating strictly as
a means of reducing weld distortion is not nearly as
conmon. The effect of a reduced cooling rate an
distortion, as produced through preheating, is not yet
wel | established. Proper preheating tenperatures and
nmet hod of application to mnimze weld distortion are
simlarly undefined.

As a part of this report, the effect of preheating in
reducing the distortion of steel panel butts was investi-
gated. Two torches were attached to the SAWgantry and
used to preheat the butts to 230 to 260 F. Di stortion
nmeasur enents of preheated and non-preheated butts both
interior to the panels and al ong the edges were conpared.
Results did not show an inprovenent in distortion through
the use of preheating. A nore detailed explanation wll
be provided later in the report.

8.2.12 Postheating.

Post heati ng of heavy weldnents is commonly used to relieve
resi dual stresses. For nost carbon steels, stress relief
is acconplished by holding the weldnent at a tenperature
of 1100 F to 1200 F for a period of 1 hour for each inch

of its maxi mum thickness (ref26). Heating and cooling is
acconplished slowy, at rates not to exceed 400 F per hour
and often | ess dependent on the ratio of thicker to thinner
nmenbers. In this manner, disproportionate heating, which
coul d cause increased instead of reduced residual strssses,
i's avoi ded.

Post heat stress relief will not correct distortion in

a wel drent . However, it nmay be used as an effective nmeans
of preventing distortion in weldnents that require machin-
ing. Tensile and conpressive residual stresses are

bal anced within a wel dnent. In heavy or highly restrained
wel dnments, these stresses may be at the yield stress of
of the material . Wien material is renoved by machining ,

t hese stresses becone unbal anced and produce distortion.
Renoval of these stresses by postheat treatnent prevents
this distortion.
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In sone cases, duplicate weldnments are clanped back to
back, welded, and then stress relieved while still clanped
together (ref 2). The residual stresses that may have
caused distortion are renoved so that the weldments renain
strai ght when uncl anped.

8.2.13 Vibratory stress relief

To date, vibratory stress relief of weldnments has
produced m xed reviews. Although seem ngly substantiated
t hrough numerous successful applications within industry
(refs 7-12, 29-34), experinental data has provided

i nconsi stent and often contradictory results (refs 13-15,
35,37). Consequently, vibratory stress relief is not yet
allowed as a substitute for thermal stress relief in
"code wor k"

Stress relief is acconplished through nechanical vibration
of the weldnment. Although not fully understood, this

this vibration is thought to induce stresses that conbine
with the internal residual stresses of the component to
exceed the material yield strength and cause strass

redi stribution through plastic flow (ref 36).

Vibratory stress relief offers significant advantages

over thermal stress relief methods. These include the
portability of the machines, |ow operating costs, speed

of operation, ability to relieve large weldnments by noving
the vibrator to various |ocations on the weldnment, and no
heat side effects such as scaling, reduction in material
strength, or distortion.

Additional ly, vi bration nay be applied during welding.
because the anplitude of vibrstion is low, interference
with wel ding operations is not a Problem dainms of
reduced weld cracking and distortion are not yet estab-
lished by exprinental results.

As a part of this report, the effects on distortion Of
resonant vibration during welding were investigated. To

test these effects, mld steel test plates were butt welded
with and wthout vibration at rssonance. Angular distortion

nmeasur enents were Con‘pared_ Results showed a definite but



smal | reduction in angular distortion in the vibrated
sanpl es. A nore thorough explanation will be provided
later in this report.

8.3 Distortion correction.
8.3.1 Flane straightening

Fl ane straightening is a commonly used nethod in ship-

buil ding for correcting distortion. Usi ng an oxy-acetyl ene
torch, heat is applied to the distorted area to raise Its
tenperature to approximately 1100 to 1200 F after which

a water quench is applied. Shrinkage is induced which
provi des the straightening effect.

The nmeans by which flane straightening i nduces shrinkage

is identical to that which produces weld shrinkage. en

a localized spot is heated to a high tenperature, it
attenpts to expand but is prevented fron1doin? so by the

col der netal adjacent to it. The heated netal expands
vertically and is "upset". As it cools, the netal contracts
uniformy. Because the upset that occured fromheating is
not equally reversible upon cooling, then a net e.hrinkage

is the result.

Fl ane straightening is normally applied in patterns that
purposely control the direction of shrinkage. These may
be described as conbinations of three basic patterns that
each produce different shrinkage effects: spot heat. line
heat and vee-heat patterns, as shown in Figure 25.

Spot heating produces shrinkage effects uniformy in al
directions and is often used on largely distorted plating
interior to stiffening nenmebers. as shown in Figure 26.

Li ne heating produces shrinkage effects Primarily transverse
to the line. Fi gure 27 shows linen heats being used on

bul khead plating on the opposite side fromstiffeners.
vee- heating produces uneven shrinkage, nore at the base of

the triangle and | ess near the apex, so that an angul ar
change in the heated area results. Figure 28 shows vee-
heats used to correct the bending distortion of a tee.
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Fi gure 28. Vee heat pattern used to correct bending distortion in tees
caused by flange striping and hole cutting operations
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8.3.2 Mechanical correction

Distortion may be corrected nmechanically using a press,
hydraul i ¢ jacks, or even strongbacks and a wedge. In some
situations, it may be useful to apply heat in conjunction
with these nethods to reduce the anount of force required.

8.3.3 Induction straightening

I nduction straightening of distortion is nmuch nore conmon
outside of the U S It acconplishes distortion correction
in the sanme manner as flanme straightening: ie., through
heati ng and shrinkage of plating. In this case, however
heat is generated through an induction process.

In this process, an induction unit is used to create a

an constantly expandi ng and col |l apsi ng magnetic field that
creates eddy currents in the plating. From these currents,
heat is generated. Control over the magnetic field strength
and/ or timng provides control over the anount of heat
produced.

As part of this report, the use of induction straightening
on the thinner plating increasingly associated with U S.
naval construction was investigated. Two decks of 0.188"

t hrough 0.313" high strength (HTS) and high strength | ow
all oy (HSLA) steel were straightened using an induction
system Results showed that nearly all distortion between
stiffeners was renoved on pl ate thicknesses 0.25" and above,
with a much reduced effect on the 0.188" plating. A nore
detail ed explanation is provided later in this report.
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9.0

Resonant Vi bration During Wl ding

Vibratory stress relief is a technique for stress

relieving weldnments using nechanical vibration. There is

wi despread di sagreenment anmong those who have evaluated this
process. Many w thin industry use the process routinely and
subjectively establish its nerit through the "savings" they

have

0

achieved (refs 7-12, 30-35). For exanple,

A fabrication/ machining conpany in Cassopolis, M.,

is reported to have saved 65 percent in stress relief
costs of machine tool bases and other |arge wel dnents
(ref 10). Stress relief tine has been reduced 98 percent
| nproved dinensional stability has allowed achieving
0.002 inch flatness with +/- 0.010 inch tolerance while
working 12 x 19 foot 1018 or 1020 hot rolled plates.

A machining conpany in Rockford, IL., is reported to
have reduced the nunber of grindings required to neet
specifications on a 12x8x75 inch hardened bedplates from
14 down to only 6 grindings (ref 8).

A northeastern university's machine shop is reported

to have used vibratory stress relief on a nunber of
projects (ref 11). In a particualr one, a 24 foot

| ong tenperature wind tunnel was fabricated as twelve
3/4" thick stainless steel chanbers that bolted together.
application during welding of these chanbers al nost
"totally elimnated warpage" and allowed naintaining

tol erances of 0.032".

Experimental results have been inconsistent ( in some cases

wthin the same experinent) . For exalnple.

0

Researchers from Battell e-Col unbus useg 1/2" thick 1020
steel place to Form 12" diameter rings (ref 37). The
butt between edges was GVA welded. Three rings were
vibrated during welding, three after welding, and three
had no vibration. Qutside dianeters were then machined
and neasured for nut-of-roundness. Both vibrated sanples
snowed better roundness than the non-vibrated rings.
However, additional testing in the same manner with a
second set of rings produced contradictory results.
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In another test, tees made from AISI 1020 steel plate
were GMG fillet welded. Tees were then machined on

the web and bottom of the flange and neasured for surface
flatness. Results showed that tees vibrated during

wel ding distorted significantly |ess than non-vibrated
tees, or tees vibrated after welding.

O Researchers in New Zeal and welded mld steel tees and
nmeasured residual stress |evels before and after
vibrational treatment (ref 14). Results indicated that
the stress |evels generated by the vibration were too | ow
to cause a change in residual stress |evels. No signifi-
cant difference in residual stress |evels was neasursd.

O Researchers nonitored the vibrational treatment of a

variety of industrial weldnments in the Soviet Union

(ref 13). During treatnent of each weldnment, a reduction
in current requirenents for the vibrator (ranging From
18% to 30% were noted that supported the concl usion that
residual stresses were being reduced. In this theory. as
residual stresses are reduced, the weldnent becomes nore
flexible and | ess power is needed to drive the vibrator

Addi ti onal observations concerning work accuraci es and
level O effort supported this concision. Giinding and

| apping efforts required on 2.5 ton valve seats were
reportedly reduced by over half when using vibrational
treatment . Machining accuracy of 1.2 tombinettalic
thrust bearings reportedly increased from 0.6 to 0.3 nmm
The resistance to weld crackin% In cast conponents 07

two 100 cubic neter excavator buckets reportedly increased
1.5 tines.

O In sonme oF the nobst current research on this topic,
interimresults released in January 1990 from stuidies
bei ng Conducted for the U S. Departnent of Energy Suggest
that vibratory stress relief, specificaily, the Mta-is;.
system produced by Bonal Technol ogies, Detroit, M, cause
changes that are "simlar to those that arise due to
thermal stress relief" (ref 15). However, these results
are still inconclusive. It is not yet known whether the
changes observed were the result of the stress relief
treatment, the interpass tenpering effect associated with
the nultipass weldnments tested, or a conbination O both.
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This testing was acconplished on flux core welded A36
plates. Tests included tension and inpact tests, and
anal ysis of grain structure through both m crohardness
testing and conparison under a m croscope. In addition,
subj ective observations showed a difference when wel ding
during vibration that included better weld flow, |[ess
grindi ng between passes, and slightly less filler nater-
lal to conplete the weld. Further testing is to be
acconpl i shed using AI'SI 4140 materi al

9.1 Theory of Stress Relief Process

Theories explaining exactly how vibration reduces resid-

ual stress levels vary. In fact, even within vibratory stress
relief industry, there is disagreenent whether vibration at
resonant or subresonant frequencies will provide the best stress
relief

It is comonly understood that nonuniform cooling of
wel ds and adj acent base netal producs residual stress patterns
as shown in Figure 29. One frequently used explanation for
vibratory stress relief proposes that the mechanicaliy induced
stresses are additive to the residual stresses in the weldnment.
In areas of high residual stress, these conbined stress |evels
exceed the yield strength of the material causing plastic flow
and redistribution of strssses as shown in Figure 30. Fromthis
viewpoint. relatively large stresses such as those produced at
the resonant frequency nust be induced by the vibration so that
the yield strength of the material is exceeded, if only nonent-
arily (ref 36).

Another eouxplanation oroposes that the vibration produces
an wncra2ased activity of atems in the metal causing them o
move Trom higher to lower energy sites, thus reducing residual

styra2sses.  From this viewooint, iz is suggssrted <nzat Shis
increasad atomic activity can be cest achisves wnen vibrating at
subrssonant Treguenciss (r=f 8!, The hystarssis curws Tor
dynamic loading of a component is ussed to show thai the material

best absorbs ("dampens”) the input energy at subresonant fraquen-
cies. At reseonance, 1t is suggested that dampening effzcis are
minimal and that the majority of inmput =2nergy is conwverted %o
output vibration of the componsnt.
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9.2 Using Vibratory Stress Relief

Vibratory stress relief can not be currently used as a
substitute for thernmal stress relief in nost "code"” work. In
naval ship construction goverened by MI-Std-1689(SH), thernmal
nmet hods nust be used when stress relief of weldments is speci-
fied. However, this does not prevent the use of vibratory
nmet hods on the many (in fact, great mpjority of) weldnments that
do not have stress relief requirenents.

Simlar to thernmal stress relief, vibratory stress relief
is nost commonly used on conpleted weldnents to relieve residua
stresses prior to machining. If unrelieved, then as material is
removed in the nachining operation, those stresses which were
internally balanced within the material becone unbal anced and
distort. Stress relief thus reduces the nunmber of nachining
passes required and increases the achievable accuracy.

Vibratory stress relief offers significant advantages over
t hermal nethods that include:

O Speed of operation. VSR on a weldnment is normally accom
plished within 1/2 to 2 hours.

O Portability of the nachi nes. Equi pnent can be noved to
the wel dment.

O Virtually no size limtations. an large weldnents, stress
relief can be acconplished by noving the vibrator to a
nunber of |ocations.

O No thermal effects such as scaling or distortion (as
when not supported correctly in the furnace)

additionally, vibratory stress relief may be used during
wel di ng. Because the anplitude of vibration is small (normally
about 1/32" from peak to peak), welding control is not hindered.
Benefits from this application are suggested to include:

O Better weld flow Resulting in faster welding with |ess
filler metal required.

O Inproved weld ductility and nigher rasistance to cracking.

O Reduced distortion in the weld.
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Vibratory stress relief is reported to be effective on
nost carbon steels, stainless steels, alumnum alloys, hardened
or cast materials (where thermal stress relief could adversely
affect properties) (ref 8). It is reportedly not effective on
copper, copper alloys or cold-worked netals (ref 9).

9.3 Equi prent Description and Operation

Vibratory stress relief equipnment generally costs within
t he range of $8,000 to $25, 000 dependent on the size of vibrator
requi red and whether charting capabilities are included.

Equi pnent consists of three basic coinponents: (1) a vibra-
tor (notor with eccentric weights) for inducing the mechanica
force, (2) a transducer for neasuring the anplitude of vibration
and (3) a control console for regulating the vibrator speed and
readout of the transducer feedback. Power is supplied froma
120v or 240v outlet.

Qperation of the equipnment is reactively sinple and can be
easily learned within a few hours. The weldnent is first set on
some type of isolating support such as rubber pads, wood bl ocks
or old tires. The vibrator is clanped to a rigid part of the
wel dment.  The transducer is clanped on the opposite side of the
wel dment, preferably on a different nenber, to nmeasure the fur-
thest effects of the vibration.

Once setup,the speed of the vibrator is gradually increased
until a resonant peak is found. This peak is jdentified by a
significant increase in the anplitude of vibration and is shoan
on the control console readout. The speed of the vibrator is
then increased further to simlarly identify additional resonant
peaks.

Thrze dominant peaks are then chosen and tr=ated for = g=r-
iga of zpproximaztely 10-20 minutes =ach.

In addition to these standard equipnment itens, sonme nanu-
facturers provide an x-y recorder for identifying when the

stress relief process is conplete. Its usage is based upon the
theory that a | dnent with high residual strssses will be nore

rigid than if stress-free (ref 36). This increased rigidity
por oduces hi gher resonant frquencies.
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As stress relief occurs, the rigidity of the weldment is
reduced and is shown as a change in its resonant frequencies.
The x-y plotter is used to produce charts before and after
treatment to visually show these changes. AS stress relief of
the wel dnent takes place, resonant frequencies wll change as

one or both of the follow ng:
O The anplitude of the resonant peaks w Il increase

O The frequency of the resonant peaks w || decrease.

These effects were observed in the vibratory stress relief
treatnent of two identical mld steel knee braces in a machine
shop in Poydras, LA In this shop, a VSR-790 system supplied by
VSR Inc., Neponset, IL., is used routinely on weldnents prior to
machi ni ng. Approxi mate size of the knee braces was 2000 |Ib and
triangular with 10 x 6 ft legs as shown in Figure 31

For the first brace, the vibrator was initially placed in
the center of the long leg (position Ain Figure 31). An initial
run of the vibrator from 1000 to 5000 rpm was made to graph the
resonant frequencies prior to treatnent (the VSR 790 system makes
this run automatically at a rate of 10 rpmsee). The two highest
peaks were then treated for 15 minutes each. After treatnment, a
second run was graphed for conparison, and is provided in Figure
32 (graphs were actually plotted on plain white paper -- axes
were established by the authors for illustrative purposes). As
seen, a distinct change in the resonant frequencies was observed.
Resonant peaks both increased in height and decreased in frequen-
cy as reported would occur with residual stress relief.

On the same brace the vibrator was then noved to the center
of the shorter Ieg ﬁOSItIOﬂ B) . In this. position three peaks
were treated. own in Figure 33, a much reduced affect
occured on the f|rst two peaks as conpared to the changes that
were observed with The initial treatnment of the bracs vibrator
in position A). For unexplained reasons, the third resonant peak
was renoved altogether

The reduced effect of the second treatnment (position B) on
t he resonant peaks as conpared to the initial treatnent (position
A) indicates that the majority of stress was relieved in the
initial treatnent.
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On the second brace, the positioning of the vibrator for
each treatnent was reversed (position B first, and then position
A). Figures 34 and 35 provide the graphs for these treatnents.
As shown, a reduced effect was observed again in the second
treatnent as conpared to the first. In both vibrator positions,
the third resonant peak was renoved altogether.

Thus, on the second brace, even with the vibrator positions
reversed between treatments, the sanme reduced effect on the
resonant peaks was observed in the second treatnment as conpared
to the first.

9.4 Resonant Vibration During Wl ding
9.4.1 Test nethod

In this effort, the effects on distortion of resonant
vibration during welding were investigated. Twenty-five pairs
of test plates were butt welded while being vibrated at reson-
ance. Angular distortion measurenents were taken and then
compared to simlar measurenents on 25 non-vibrated pairs.

Formula 62 stress relief equipnment supplied by Stress
Rel i ef Engi neering Conpany, Costa Mesa, CA was used to obtain
resonance. The equi prent consisted of a variable speed vibrator,
an accel eroneter (transducer) for measuring the anplitude of
vibration, and a control console for adjusting vibrator speed
and anplitude neter for output of the accel eroneter.

As shown in Figure 3, the test setup consisted of a 12 foot
| -beam fixture sinply supported on its lower flange by two 6x6
i nch wooden bl ocks (set 3" in fromeach end) that served as
isolation fromthe floor during vibration. Test plates were
12x6 inch mld steel with a 45 degree bevel and 1/16 inch |and.
The test plates were paired, set level and tacked in two places.
one inch fromeach end. Any angular change due to the tacking
(during which there was no vibration) was neasured for |ater
accountability.

The vibrator was clanped to the top flange at one end of
the fixture. The acceleroneter was clanped to the other end.
Ei ght of the test plate pairs (9 on the last run) were evenly
spaced approxi mately 4 inches apart and were clanped al ong the
fixture length. For both the vibrated and non-vibrated pairs,
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only one plate was clanped to the fixture during welding to allow
free novenment (angular distortion) by the other plate, as shown
in Figure 36.

By slowy increasing the speed of the notor using a
potentioneter on the control panel, vibration frequency was
slowy increased until each resonant frequency within the speed
range of the vibrator was determined. An indication neter on
the control panel connected to the acceleroneter indicated the
resonant point (at this frequency a vibrator speed increase or
decrease would cause a drop in the anplitude of vibration).

The resonant frequency with the highest anplitude was chosen for
the test setup. Prior to welding, the acceleronmeter was renpved
to prevent damage to it fromthe welding current.

Si x weld passes using shielded nmetal arc welding with 7018
el ectrodes were nade conpleting a pass on each of the clanped
test plates before continuing to the next pass. after welding,

a mninmum cooling period of one hour was allowed prior to taking
measur enents. Measurenment of the vertical novenent of each
distorted plate was taken at the center and each end using a dial
caliper, and angular distortion calcul ated.

9.4.2 Analysis of Measurnents

(Angul ar distortion measurenments for both the vibrated
and non-vi brated sanples are shown in Table 1. A frequency
di stribution of these nmeasurenents is shown in Figure 37. From

t hese nmeasurenents, sanple nean and standard deviation val ues
are cal cul ated as shown bel ow.

with wi t hout
vi bration vi bration
sanpl e nean = 3.39 deg 8.63 deg
sanpl e standard deviation = (0.48 deg 0.47 deg
m ni mum distortion = 6.92 deg 7.41 deg
maxi mum di stortion = 9.26 deg 7.72 deg

As shown, a small reduction in angular distortion was
observed with the plates vibrated during welding versus those
not vibrated. Mean angular distortion with vibration was 8.39



Test plates

ing

during weld

i10n

hout vibrati

%

Angular distortion measurements
i

and w

&

h

"

t

Table 1.
wi

B R o S I TR I £ 5 I A W o B U NSl ] A
P B IR - B T O A P I A F I " TR IR
«- ® woom m e om m o m = a .- .
ar [{H] e 0L FQ T e P e T e F e Ty
L
=
i
S
R
us [ LIS A U T B el 3 13 b1 ocr
..m [T T T vr (IS ¥ I
s Gi = = = = o= “« e o .
=4 e L) (ST B a B o B 4 L TN A 0 NNy ey
A~
o U
= =
B
=t I b e re RXD O 1 0% Drw e T XY B4 K [T B
rg A B A BES A s B N P ¥ BRI A BEE -+ ol [ B R A I iy 1y
o [ S T L R N - .
b= sl 07 53 €0 £ PTY awn TYE rr OFY e P ge 000 e OF O 1 rm FE e PR e 1y 10
[
- ke mm rmm e wm s s e em emm mew mes mwa wmm we w we . - - . e am = aes -
ot
-t
e ol B ol e R B B T B~ S ¢ = B = R S I =
ot 1) vul KL 0 O3 A R LR 00 6T ) O £ Ty o ot [ SR B e
L il et
LTI
ot
i Tia
P I I I U IR B B L B = i = B e B L I T B X B < o A I B A S I e e 4
P o Y R R I e - B B AV T I R X R - A - B L B
« h e w a w e w Te h a w w o m e o a m w & o & o &
m [Ar] D oCo T B e M M PO FD S TV O PR T s T e T [aa B AL A
[+ )
©
e
g
£ -

u PRt B AR B IR e I = a i A AT I T B o B e B S Tl B o R oY S = B o T L =L X = i 1 5 B ased
= - o IR R G B B I c IS R - B T I T Y T S I LR e S S TR B 2 D IR e ]
& m oW e I R T N U R T T T A T T .
= == . T O ofee DO TS Y MY P11 OO P LX) €O L~ FIL O FX1T ALY 00 T 0 g e MY 0 T
4 = oen
™ uﬁu._ m. w
v-.nm et -t m
e =
e e - LF o5 L1 wed BRSSO B 0 EY) @ Y EN P oA KX 430 PLD S0 wed VN Lo« F~

1} <t [ I SN JPC T T T 2 TR I T I P O U el oL R XS B S A O | ¥y =t
as TE e e e m e m m 4w M W W m e e e & W & w e w -
= = - P e i A A T A A SO o S T A BTN o B D S I « R R N A R I B BETRU U g (XS]
3+ en —
= e
oy e
Wb
w =
ez =

-
rot
w NS B U T I < I 3 PO T el CUF BT 1 WX AL S L3 £2 oI wes DUL X .3 011
Ny A e ) e et wmel A med e sed £V 01] FAL ERE TN W)
mooeg o
Al e
L

Sé



Frequency Distridbution of Angular
Distortion Measurements
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degrees, while without vibration was 8.63 degrees. The extent
of this reduction may be cal cul ated as,

(8.A3 - 8.39)/8.63 = 278% reducti on

To insure that this reduction is not sinply a function of
the variability associated wth the sanpling effort, the sanple
distributions are tested statistically. A test statistic value
of z = 3.094 establishes that a nmean reduction in distortion
exists at a 95 %1l evel of confidence (see Appendix for explana-
tion of statistical nethods).

From the variability (standard deviation) neasured in

each of the sanples, the range in which this reduction can be
expected to fall 95 % of the'tinme can be calculated as,

0.239 +/- 0.151 degrees
or expressed as a percentage,
2.78 +/- 1.75 X reduction

Thus, as determined, a reduction in angular distortion can
be expected in the range of 1.03 to 4.53 percent at a 95 percent
| evel of confidence.

9.5 Resonant Vibration After Ml ding
9.5.1 Test nethod

Tune distortion effects of resonant vibration applied
to conpleted weldments was investigated. Test plates that had
been previously wel ded without vibration were subjected to
resonant treatnent. Measurenments were taken after the treatnent
and conpared to previous neasurenents to determ ne whether any
change had occured.

50



Fifteen of the sanple pairs which had been Previously wel ded
wi thout vibration were randomy chosen. Eight of these pairs
were then clanped to the fixture (7 in the second run) in the
same manner as in the previous testing: one plate clanped firmy
and the other left free to distort.

The vibrator was clanped to the top flange at one end of
the fixture. The acceleroneter was clanped to the opposite end.
The speed of the vibrator was slowmy increased until all resonant
frequencies within its speed range were deternmined. Vibratory
treatnent was then acconplished at the two resonant frequencies
with the highest anplitudes for a period of 20 minutes each.

after treatment, angular distortion neasurenments were taken
and conpared to nmeasurenments taken prior to treatnent.

9.5.2 Analysis of neasurenents

Angul ar distortion neasurenents taken before and after
vibratory treatnent of the test plates are provided in Table 2.
A frequency distribution of these measurements is provided in
Figure 38. From these neasurenents, sanple mean and standard
devi ati on values are calculated as shown bel ow

bef ore af ter
vi bration vi bration

sanpl e nean

sanpl e standard devi ati on
m ni nrum di stortion

maxi mum di stortion

I mon
o
(8]
=
o
D
(o]
o
(6]
=
o
@D
(o]

As seen from these figurss and the sunmary val ues above,
virtually no change was observed in the distorted angles of the
test plates as a result of the vibratory treatment. Mean val ues
of the samples remained the sane, equal to 7.94 degrees. Stan-
clard deviation values simlarly remained the same, equal to 0.51
degr ees.
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Frequency Distribution: Angular Distortion
Measurements Before and After Vibration
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9.6 Metallographic Inspection of Test Plates

Test plates were submtted to Ingalls welding |ab for
nmet al | ographi ¢ i nspection of the welds. Five plates were random
Iy chosen from each of the follow ng groups:

(1) Resonant vi bration applied during welding.

(2) No vi bration during welding, resonant treatnent
applied after welding.

(3) No vibration applied during or after welding.

Speci nmens were submitted without identifying to which group they
bel onged.

No apparent differences were found in the grain sizes of
the various groups. Speci nens subjected to vibration could not
be distinguished fromthose that were not subjected to vibration.
Figures 39, 40 and 41 provide the m crostructure phot ographs
(rmagni fication setting of 200x) for each of the three groups
listed above, respectively. The slight variation in the grain
col or of each specinmen nay be attributed to a difference in the
degree of etching or in the intensity of applied light.

9.7 Summary of Results

The application of resonant vibration during wel ding _
showed that a reduction in distortion did occur, but that this
reduction was small (= only 2.78 %in the angul ar change of the
test plates). Thus, large reductions jn weld distortion sinpl,
through the use of resonant vibration during welding cannot be
expect ed. where this reduction is required, nore canventiona
distortion control nethods such as the use of restraint and weld
sequencing must still be applied.

The distortion effects of resonant Vvibrator, treatnent
applied to conpleted weldnents was additi onally investigated.
Results showed that this treatnment produced no distortion in the
wel difients. Unlike thermal stress relief treatments which can
potentialy cause distortion (particularly if the weldenent is not
supported correctly), vibratory treatnents apparently dose no
problens in this respect
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Figure 39.

Weld microstructure at

1000x
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Figure 39. (conti nued)




Fi gure 40.

Weld nmicrostructure at
1000x : Test plates not vibrated
during or after welding
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(conti nued)

Fi gure 40.
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Figure 41.

VWl d mcrostructure at

vi br at ed

not
vi brated after

pl at es

Test
during welding,

1000x
wel di ng

WA,

\
13

)

o . K _a 1.. 'y el A
A RN

WA
A AF gl

.

N TAL X1000

3 .. L ~... ;.. A , ... y w ¢ .— . 3
¢ .h.rm s S N rmﬂ_“&ﬂ .
w\ﬂ ) *.m.\\.c Xy ) £ .“, YT A

M\ 5 ..ﬂ. N, voop \cﬁ\.ﬂ.,ﬂm. f.. v “a ‘?«. ft“. ﬁw ..G ... )
LS B s oy i
2 AR RN :

e

?
#.r..:m..( 5 t
. ,&.vv

U,

*-w‘ Y A .‘

Wt 0 LR RN D
AN e (Y
W\LW\AP ) / .

\.h..?
Wi g

.Mm.. T \...\... .‘ Y .d .\... Nn -~
S s g
OAPIRL e N SR Lo T RN P o\ AT,

;y%.wés%f:ﬁﬂf tA SRt £

X /0092

NITAL

X 1000 57

Nirae



Figure 41. (conti nued)
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Measurenment of magnitudes and direction of residual
stresses in metal structures requires the application of
| aboratory techniques which are difficult to inplenment on
structures in the field. Such nmeasurenents were beyond the
scope of this project. However, neasurenments and curve plots
of anplitudes and frequencies of vibrational energy produced
di stinct evidence of significant changes to the resonance
characteristics of the knee brace structures which nmay correlate
to relief of residual stresses.

That distinct changes actually occurred is further
evidenced by the fact that a repetition of input vibrational
energy did not produce any further changes; also, it was found
that the changes produced in a second structure were very
simlar to the first structure, regardless of the fact that
the position of the vibrators were reversed.

However, in contrast to these observations, nmetall ographit
i nspection of the test welds did not show a discernible differ-—
ence in the grain structure of the vibrated and non-vibrated
sanpl es.

It is possible that residual stresses could be neasured
nmore directly with X-ray diffraction and/or stirain gages and
those neasurenents correlated to those changes in rasonance
behavi or shown in the response curves. That work is reconmended
for the future in order to gain a better understanding of the
physics of stress relief of welded structures by resonant or
subresonant vibration.

"
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10.0 Presetting of Innerbottom Units

When shrinkage occurs in a weldnent at sone distance

from its neutral axis, a bending nonent is created. Thi s
moment produces a “bow’, or bending distortion, in the
wel dnent . Figure 42 shows the bending distortion produced

from the fillets in a tee section.

In nore conplex weldnents, bending distortion nmay
be viewed as the conbined effect of the shrinkage produced

at each of the individual joints. Each joint, as it is

we: ded, creates a bending nonent around the neutral axis
of the weldnent. Joints that are on opposite sides of the
ax axis produce offsetting bending nonents. The net bending
nmonent of the total joints conbined produces a bending

di stortion. If the balance of these forces can be deter-

m ned, then the direction of the bending distortion can
be easily predicted.

Limting factors exist that affect the amount of
bendi ng distortion produced. It is the net force applied
to the nmonment arm which determines the severity of the
di stortion. The rigidity of the material in the direction
resisting novenent, the weight of the structure, and any
applied restraints all tend to reduce the net force. Veld
size and the type of welding process used can reduce or
or increase the net force applied.

For sinple weldnents, such as a built-up tee section.
prediction of both direction and magnitude of produced

distortion is easily acconplished. For slightly nore
conpl ex weldnments, prediction requires the use of conputer
nodel i ng. For very conplex weldnments, quantification of

distortion is not possible even with canputer node

due to a lack of definition of the various interrelation-
ships of restraints and forces. Precise definition is
rendered inpossible for production purposes due to the
inability to maintain exact weld sizes and the inpracti-
bility of obtaining exact fit in all |ocations. Numer ous

| esser factors contribute to the inability to precisely
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predict the anmount of distortion, such as the change in
stresses due to the tenpering and annealing effects of
consequent welds on conpleted welds and the differences
in stress configurations of purchased steels. Di rection
can still be predicted based on previous problens and
exam nation of those conponents which resist distortion.

The use of presetting of flat innerbottom units at
Ingalls is the result of problens encountered in construc-
tion of units on the initial LHD contract.l1 In these cases,
a "crowning" effect was produced transversely. This crown-
ing effect can be explained as bending distortion of the
units resulting from welds on the shell side, as shown in
Figure 43. Shrinkage forces from these welds conmbined to
create a bending nonent that "bowed" the innerbottom units.
Specifically, these welds may be categorized as two types:
(1) shell plating butts, and; (2) f1 oor/girder/| ongitudi nal
fillets to the shell plating.

To correct for this distortion, presetting was used
on the innerbottom units of the next hull. A preset of one
inch was used over the 80 ft width of each of these units.
his presetting anmobunt was based upon the crowning effeccts
observed on the initial hull. In retrospect, this preset-
ting anount proved to be a fairly accurate estimate and
one that was quite repeatable for each of the innerbottom
units. A construction sequence was used that maintained
this preset amount in each innerbottom unit until all the
tank top butt and fillet welds were conpleted.

10.1 Construction Sequence

Each of the three innerbottom units measured Tor the
purposes of this report (#301, #302, and #307) wer= fab-
ricated in the same manner. Overall size of =sach uniz: was
approximately 80 f+ transversely and 385 ¥t longitudinallrs.
Each was praset one inch ovsr the 80 7t wiath.

Plating for the tank top was fabricated in the panel

line as two half-units (port and starboard halves). Tank
top longitudinal were then fit and wel ded out.

(1) The LHD's are 36,000 *on U.S. NMavy surface ships.

~J
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From the panel line, each tank top unit was noved to
a flat fixture on which liners were located to provide the
preset condition. Liners were 1" high along the I|ongitu-
dinal center of each half-unit, tapering down to O at the
panel edges. The panel edges were then restrained using
clips and wedges. Al though restrained vertically, these
clips allow novenment |laterally, preventing excessive
resi dual stresses.

G rders subassenblies with attached floors on one

side were then fit to the tank top. G rder/floor
subassenblies were fit beginning at the center of each
tank top half unit progressing outward. After conpletion

of fitting to the tank top of two adjacent girder/fl oor
subassenblies the downhand fillet welds were nade for the
center section. Only after the conpletion of the downhand
fillets of the adjacent subassenblies were the vertical
girder/floor joints of the center subassenmbly fit and

wel ded. This pattern was followed for each girder/floor
subassenbly until all vertical welds and tank top fillets
were conpl et ed.

Restraint on the tank top units mmintained the preset
condi ti on. Upon conmpletion of this stage, each tank top
hal f-unit was sent to blast and paint and then rerurned to
the flat fixtures.

The two half-units were then fit together to form the

conpl ete innerbottom tanktop. A 1" liner was placed along
the centerline of the unit to provide the sane preset con-
dition over the 80 ft width. The innerbottom edges wers
restrained as previously acconplished with strongbacks and
wedges. The centerline butt of the unit was acconplished
usi ng one-sided wel ding. The Final girder/Tloor vertical
joints were fit and then welded progressing from the center
of the unit outward (fore and aft). Restraints were then
renoved.

At this point, restraint used through the construction
of the innerbottorn unit has maintained the preset conditions.
The innerbottomunit is presset with a one inch "reverse
crown".
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The unit was next shipped to flat fixtures in a prs-
outfitting area, shimmed to a 1" height at centerline,
tapering to O at the unit outboard edges. The plate edges
were not restrained in this stage. Shell plating was then
installed from the centerline outboard, fit to girders and
floors (block weld), and butts made using one-sided welding.
When all shell butts are conplete, then the innerbottom unit
was turned shipshape. No restraint was installed. The
remaining girder, floor and longitudinal fillets to the
shell were acconplished in the downhand position.

10.2 Fl at ness Measur ement s

Upon conmpletion of weldout, neasurenents were taken

at each girder and floor intersection using a |evel. Tank
top plating thicknesses were conpensated for so that each
nmeasurenent was to mold Iine. The flat condition of each

i nnerbottom unit was defined as a level plane intersecting
the nmedian neasurenent. Al'l  nmeasurenents were then rescaled
as a variance from the nedian of that wunit. Table 3 pro-

vides the variance from nedian neasurenents for each of the
i nnerbottom units. A total of 136 |ocations were neasured
for the 301 and 307 innerbottom units, and 152 neasurenents
for the 303 unit.

10.3 Analysis of Measurenents

The effectiveness of presetting innerbottom units is
determined in analyzing the variability of flatness neasure-
nments of each unit. The greater the variance from the
nedi an plane, the greater the bow of the unit.

For the innerbottom units cbserved, przsetting provid-
2d satisfactory and zonsistent results on =ach unit. Quan-—

titatively, these resulzs arz shown below for sach iansr-—
bottom unit and all units combined as the oerzenctage o7
total measursmentse inside 1/8"%, 174" and 1/2" ranges ot

variation:



and

=X

#3035

innerbottom units

Variance from median plane for #3201,
#307

Table 3.

INNERBOTTOHN UHI

i6 18

thsl

is

udinal {

1
1

i

Long

g

0

14

13 16

73

Frane
74

rEEE

(g

75
78
71

et

e

W

(32}

-t

2 -1 -3 -4 -2

3 2

-4
}

=
=

=1

{1t th

1

-4

-4
=5

-4
]
hiy

-3
-3
. L

-5
-6 -10

-b
-t

-4
-4
-4

v

BOTTOM UNIT &
2

-1
f

i
-1
s HHE]

1

78
80
Frane

At

[a2]
o

ooy

(MR Al
LN
R
e
[ TH]
3]

o v
AT
) et
[
[P
[
[
-t
ng o
1

[
— T
(<IN
PO o)
oo
-4 Tr
o ra
oo

Y .

13 X I

(LRI RR]
[ ]
1
wa ni»
[{F At
]
vy orel
)
Kooy
'
L]
rey g
!

Ty oo
1 1
eI vt

[}
(RN ]

'
oo
et I
IR I
[
~Q Iy
LA A5 ]
oM
-~ O~
Ly =l s

770

1]

ZNNERB

38

o

4

-t

[y2]

N~

er]

-t

ny
-t

rrage

ul
~n

o

"

C~

~0

[ TR I N - T
t

ML LIS B A N B N B
t '
[ad BN TRCRNESCUNER M ¢ §
) L}
[T I A Y R TV I TN}
] 1
L I B I (]
1 ]
LCE I B B )
] [}
LA AR - SR RN TR
] ]

I R L

t ) |

Tl weq #TB vt
L]
g oo
[}

LN NG I & § BECa B DY
]
LI SN I A B T I

] ]
w1 et wed EYLTT
) ' t )

At e LTI )
1 1
LA R i .."_
ST o w B S R o] .—_
LA L o S Ve A ]
[ A I - L= B < ¥ ]
[ B S T -



| nner bottom Unit

301 303 307 all units
+/—- 1/8" = 48.3 % SP.2 % &0.3 % S6.1 %
+/—= 1/4" = 77.9 % 82.9 % 83.1 % 81.4 %
+/—- 1/2" = Q7.8 % 7.4 % 7.8 % Q7.6 %

As seen, nearly 80 percent of all nmeasurenents on each
80" by 56' innerbottom unit were within +/- 1/4" of the
nmedi an, and 98 percent were within +/ - 1/2".

Figure 44 shows the frequency distribution of neasure-

ments for each unit. Cal cul ated standard deviation values
enphasi ze the consistency observed in each of the units,
denoting the repeatability of the process. Each standard

deviation fell within a irange of only 0.038".

Further investigation showed that additional inprove-
ment could be nade by (1) reducing the current presetting
anount transversely, and (2) accounting for bending dis-
tortion observed longitudinally by neans of additional
shi ms.

From the nmeasurenents in Table 3, a comon configura-
tion can be observed for each of the innerbottom units. As
seen, high (positive) and |low (negative) neasurenents are

conmon to specific aieas for each innerbattom unit. The
result is a slight saddle-like configuration as shown in
Fi gure 45. Expl anation for this configuration can be

traced to two causes: (1) not all of the preset condition
is removed by the shell butt and fillet welding, and (2)
some bending is occuring longitudinally.

To illustrate the first rause (all preset not
renoved), Figure 46 pravides sectional views across each
frame of the 301 unit. To better view the general survature
of each unit, neasurenents were best fit by a second order
pol ynom al . This "snooths" the curvs to provide a view
which is free of the clutter of the various points of
lucalized distortion.
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301 Innerbottom Unit
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307 INNERBOTTOM UNIT
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Figures 47 and 48 provide the sane type of view for the
303 and 307 units respectively. As seen in each of these
figures, sonme small preset reverse bow remains across nost
franes. Many frames, however, are nearly flat. Only one,
frame 65 on the 307 unit, displays a bow in the opposite

di rection. Consequently, given the consistency of this
pattern, a reduction in the 1" preset anmount should provide
increased levelness in the finished innerbottons.

As additionally seen in these figures, end franes fore
and aft on each unit are generally low to the nedian plane,
and interior frames higher, illustrating the second cause
(longitudinal bending). Figures 49, 50 and 51 are a port
side elevation view of the nean across each frane of the
301, 303 and 307 units respectively. As shown, a small
crowmn has developed longitudinally. Simlar to the dis-
tortion transversely, the longitudinal crown can be pre-
dicted as a result of bending nmonents produced from wel d-

i ng. The nost probable cause of this bending distortion
longitudinally is the effect of transverse shrinkages
associated with the shell to floor nenber fillets, with a

| esser contribution from the |ongitudinal shrinkage of
the shell butt welds and the girder to shell fillet welds.
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11.0 Backstep and Wandering Wl d Sequences

"Weld sequencing” is a termthat is often used to describe
both the order in which joints in a conmponent are welded, as well
as the order in which passes or increnents in a single joint are
made. The neans by which these weld sequences reduce distortion
can be generally grouped into one of two categories: (1) those
sequences which balance shrinkage forces, and (2) those sequences
which add restraint to shrinkage forces.

Bal ancing of shrinkage forces is generally acconplished (as

well as possible) around the neutral axis of the weldnent. In a
conponent such as the foundation in Figure 22, joints may be
sequenced to produce offsetting bending nonents. For a single

joint such as the double-vee butt shown in Figure 21, passes on
each side of the neutral axis can simlarly produce offsetting
nonent s. As a result, net distortion is reduced.

The backstep sequence is a comonly used nethod for
reducing distortion through added restraint to shrinkage forces.
As shown in Figure 19, the backstep sequence invulves. stepping
though a joint in short individual increnents that are opposite
in direction to the progress cf the weld. For each increnent,
restraint is inposed by both its beginning and end |ocations.

As the beginning of an increnent cools and solidifies it adds

restraint to the renmmining increnent |ength. In the same manner.
each increment is ended at a previously welded. ralatively rigid
| ocation that sinilarly restrains its shrinkage. Overall reduc-

tion in distortion of the joint s obtained accunulatively from
sach increnent.

The backstep sequence is only usetful when welding with
manual or semi—automatic procasses. This sequence cannct be used
zconomically with fully automatic welding wherz {t negztes the
speed advantage oT the process. In shislded n2etal! 3arz w2laoing,
the length of increments are normally made the welding length 7
ocne el=ctrode.

The controlled wandering seguence is a wariation of hs
ckstep seaquence, particularly us=aful on longsr joints. Figurs
+

a
2 illustrates the controllisd wandering segquencs as applisd

Ll u
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the fillets of a long, built-up tee section. As shown, a

series of three or four short weld segnents are placed along

the joint at approximtely equal spacing. Subsequent  wel di ng

is then acconplished by backstepping into each of these segnments.
No nore than one or two backstepping increments are acconplished
at any single location before noving to the next one.

In addition to providing added restraint to shrinkage at

each individual increment as acconplished through the backstep-
ping procedure, the controlled wandering sequence spreads the
heat of welding around the joint. I ndividual increments are

allowed to cool prior to adjacent increnments being welded.

1.1 T=st Method

In this effort, the extent of distortion reduction using
backstep and wandering sequencres was neasured. Using each of
t hese sequences, twenty pairs of test plates were flux core
butt welded in a single pass. After welding, angular distorhion
nmeasurenments were taken and then conpared to sinmilar measurenents

on 20 pairs welded in a continuous pass.

Test plates were 18"x6"x0.25" mld steel. Edge preparation
of the plates included a 15 degree bevel (providing a 30 degree
bevel for the butt) and a 0.063" [|and.

Pairs of test plates were tacked together along the 12 inch

sides at 1 inch from each end. During tacking, plates were
clanped firm to prevent distortion from tacking and maintain a
| evel configuration prior to welding. Tacks were made as snall

a possibls.

During weiding, one test plate in each pair was clanped
to a fixture and the other plate left free to distort. \Velding
was acconplished using the backstep sequence, wandering sequence
and cantinuos weld as provided in Figure 53. As shown for the
backstep and wandering sequences, plate butts were welded in
in six increments, with each increnment three inches in |ength.

The backstep sequence was started on the end of the butt. Each
succssive increment was mnade adjacent to and welded in the
direction of the previous one. The wandering sequence was

started with tw separate increnents, each located three inches
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Frequency Distribution of Measuremendts,
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distributions are tested statistically. A test statistic value
of z = 4.39 establishes that a mean reduction in distortion
through use of the backstep sequence exists at a 95 % |level of
confidence (see Appendix for explanation of statistical nethods).

Thus, it appears that the backstep sequence is an effective
nmet hod for reducing distortion.

Wel ds made using the wandering sequence, however, produced

quite different results. In this case, angular distortion of
the test plates actually showed a nean increase as conpared to
the plates with continuous welds. This increase in angular

distortion through use of the wandering sequence nmay be calcu-
| ated as:

(1.05 - 1.33)/1.05 = 26.7 % increase.

Expl anation of the this result can be found in the differ-

ences in restraint on distortion inposed by each the the weld
sequences test ed. Figure 95 illustrates these differences.

In a continuous weld, because the length of the weld cannot
be laid instantaneously, cooling of the length is not uniform
That part of the weld which is laid first, cools first. In this
manner, as each segnment of the weld length cools and tends to
distort, it is restrained somewhat by the adjcaent, relatively

cooler and stronger weld segment. The extent of this restraint
is greatest directly adjacent to this cooler segnent.

In the backstepped weld, this same restraining effect is
observed through each increnent. As the beginning of an incre-
ment cools and solidifies, it adds restraint to the renaining
length of the increnment. Additional restraint (beyond that
obtained in the continuous weld) is inposed by weiding each
increment in the direction of a previously welded |ocation. I'n
this manner, reduced distortion can be expected using a backstep

sequence in conparison to a continuous weld.

In the controlled wandering sequence, the initial incre-
ments (normally three or four) are purposely laid at equally
spaced |ocations along the juint iength. In the test above, the
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first two increnents were welded three inches from each end and

six inches apart, as shown in Figure 55. G ven the separation
between these first two increnments, |less restraint was inposed
on distortion as conpared to both the continuous and backstep
sequences in which all welding was adjacent. As the third and
forth increnents were applied, sone spacing between wel ded

| ocations still existed, sinmlarly reducing restraint. Thus, in
this particular situation, increased angular distortion could be

expected using the wandering sequence.

This explanation suggests that the controlled wandering
sequence is not preferable to nminimzing distortion in shorter

joints (such as the 18 inch lengths tested). In longer joints,
however, the total weld in the initial increnments would be nuch
reduced in conparison to the total joint |ength. The distortion
effect of the these relatively unrestrained increments would be
mnimal in conparison to the rest of the joint. (Addi tional ly,
the effect on distortion of "spreading the heat" through wander-
ing would be much greater. In the reactively short joints

tested, the reduction in distortion from this spreading effect
could not be properly assessed.

In general, the advantage in using the wandering sequence
is not in local restraint (along each backstepped segnent) but
rather in the restraining effects of one segment upon another.
A good exanple is the circunferential joint, as shown in Figure

56. In this case, starting in one l|ocation and backstepping
around the whole joint would not be preferable for ninimnzing
di stortion. A better alternative would be to use a wandering

sequence in which two (or nore) initial, evenly spacad increments
were established and then backstepping acconplished to these

| ocati ons. As can be seen. the wandering sequence in this case
woul d provide opposing shrinkage forces across the circunference
and significantly increased restraint to distortion.
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12.0 Preheating of SAW Panel Butt Welds

Distortion in the welding of panel butts is a problem
that consistently adds fitting, welding and straightening costs
to ship construction. Fitting of franes, |longitudinal and
bul kheads across distorted panel butts requires increased
effort. Addi tional strongbacking and the use of hydraulic jacks
to force proper fitup are often required. On thinner plating,
strai ghtening may be enployed. In extreme cases, on thicker
pl ating, gouging and rewelding of the panel butts may be
required.

Forcing parts into position adds additional strssses to
the structure which may result in imediate distortion in the
adj acent pl ating. Wien these forces are balanced within the
structure, increased distortion often arises later in the
construction process when outfitting conponents are attached.
Increased distortion is particularly apparent when structural
penetrations, hatches, tenporary accesses or other holes in
the deck plating are cut.

The added difficulty in fitting parts to distorted panels

simlarly increases welding costs. Wien fitup is not accurate,
design weld sizes cannot be nmintained and overwelding is the
result. This additional welding further increases distortion
probl ens.

12.1 preheating Effect on Weld Cooling Rate

Preheating is generally acconplished to reduce the cooling
rate of welds. This reduction can provide a variety of benefi-
cial weld qualities, including (ref 23):

0 Reduced hardening and loss of ductility

0 Reduced formation of cold cracks

o | nproved notch toughness

0 Reduced residual stress |[svels

0 Reduced weld shrinkage and distortion.
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The neans by which preheating reduces the cooling rate nay
be explained as a reduction in both the tenperature gradient
and thermal conductivity of the weld (ref 23). In welding, the
fusion of netal necessarily occurs at high tenperatures. As
solidification of a weld begins, a large thermal gradient exists
between the weld and the adjacent base netal which is nuch
cool er. As a result, an exceptionally high cooling rate of the
weld and heat affected zone is devel oped. For sone materials,
these high cooling rates can pronote netallurgical changes that
are harnful to the weld quality. For highly restrained joints,

either by design or fixturing technique, these high cooling rates
can produce stress levels in the weld that can cause cracking.

The rate at which a weld cools is dependent upon the
difference in tenperature between the weld and adjacent base
net al . As this tenperature gradient decreases, the rate O
cool i ng aecreases. For a weld without preheating, the netal
adjacent to the weld area is at anbient tenperature. If this
adj acent netal is preheated, then the difference in tenperature
between it and the weld decreases, thereby reducing the cooling
rate of the weld.

another effect of preheating is to reduce the thernmal

conductivity of the weld. Thernsl conductivity is a material
property that defines the rate at which a material conducts heat.
Metal s, for exanple, generally have nuch higher thermal conduct -
ivity than non-netals and are nuch better conductors of heat.

In the case of iron, its thermal conductivity decreases as its
tenperature increases. At 1100 F, the thermal conductivity of
Iron is 50% |less than at room tenperature (ref 23). As

preheating reduces the thermal Conductivity of the weld and
heat affected zone, the rate of heat transferer from this area
is reduced.

The rate at which a weld sclidifies can have a significant
impact on its metalliurgical structure. Slower Zooil
sramote the svranstormation oF sShe weld and hiz2at a77T=cCt
o & Tavorable microstrucsura. Specifically, sliower <
rates increase the ftime spent in the 1330 F tc 15006 F
range whizh zromotes the transformation af aus i1 i



instead of nartensite (ref 26). Excessive hardening of the weld
and lowering of ductility are avoided. Additionally, slower
cooling rates increase the tinme spent in the 400 F range which
all ow increased diffusion of hydrogen from the weld and a reduced
i keli hood of underbead cracking.

Preheating can simlarly reduce weld shrinkage. Thi s
effect may be explained in the relationship of yield strength
to the rate of tenperature change. As steel is heated to
tenperatures above 600 F, an appreciable reduction in yield
strength is observed. The rate of this reduction, however, 1is
sonmewhat dependent on the rate of tenperature change. sl owner
rates of tenperature change will generally produce lower yield
strength values in conparison to faster rates (ref 23). For
exanple, if heated slowmy, steel wll have a near zero yield
strength at approximately 1200 F. If heated quickly, zero yield
strength may not be obtained until a tenperature as high as
1500 F is reached.

As a weld solidifies and cools, it gradually gains
strengt h. In the inital stages of cooling, the weld has little
strength and easily confornms to the changing dinensions of t he
j oint. Plastic flow of the weld is simlar to "hot working".
Movenent of the netal is acconplished with relatively little
force and develops mnimal stresses internally. As the tenp-
erature decreases further, strength of the weld increase and
shrinkage stresses devel op. Plastic flow becones similar to
"cold working". Reduction in the cooling rate of a weld through
Preheating reduces the yield strength in the higher tenperature
range. In this manner, the ampount of hot working of the weld
during cooling is increased as conparaed to the anount of cold
wor ki ng and shrinkage stresses are reduced.

Although a reduction in shrinkags stress is known fto bs a
accampanying effect, the use cof orz=heating within industry nas
been primarily dir=cted at maintaining weld gquality. I
respect, the actual use of oreheating nas besn primaril
to situations governsd by welding cocdes, specifications o
standards: for =2xample, welding in cold weather, weldin
castings, and welding of high yield stvrength matarials
and HY-100)., Preheat temperatur=s and methods of appli
nawve been =stablished to prevent excesding critiZal coo

0
I
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rates and insuring weld quality. Little use has been made of
preheating in situations where weld quality was not of concern.
Even less use has been nade of preheating strictly as a distor-
tion control nethod. As a result, proper preheat tenperatures
and nethods of application for mnimzing distortion are not well
def i ned.

12.2 Test ©Method

Preheating was tested as a neans of reducing distortion

on steel panel butt welds. Preheating was acconplished on
panels being constructed in the Panel Shop facility at Ingalls
Shi pbui | di ng. The construction sequence in this facility

generally follows:

1. Align and fitup panel plating in the shipshape

condi tion. Tacking is nornmalliy as small as possible,
spaced approxinmately 6 inches apart along each butt
| engt h.
2. Attach "run-off tabs" where butts intersect the panel
edges. Attach flux backing tape underneath panel butts.
3. Subnmerge arc weld the root pass of butts. Longi t u-

dinal butts are machine welded using a gantry system
Transverse butts are welded using tractor welders.
Sequencing is acconplished so that wslding into
previously welded locations is avoided.

4, Turn panel to the inverted condition.

5. Subnmerge arc weld the buttonside pass of butts.
Longi tudinal and transverse butts are welded again
using the gantry and tractor welders, respectively.

Preheating was acconplished on the bottonside pass of the
longitudinal butts that are welded using the gantry system
Initial attenmpts made in preheating the topside root pass encoun-

tered problens. In these cases, the preheating applied to the
panel prevented the flux backing tape used in the root pass from
staying attached to the glating. The tape adhesive nelted,

causing the tape tofall off the plating in front of the weld.
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Preheating effect was still deened neasurable as a function
of its inpact on the distortion nornmally caused by the bottom
side pass. This normal inpact could be seen in a review of the
distortion in the panels conpleted in the shop at the tine. I'n
these cases, a significant nmjority of the butts were seen to
distort angularly in the sane direction, toward the nolded I|ine
side of the plating as shown in Figure 57. From this observa-
tion, it could be concluded that the bottonside pass consistently
has increased shrinkage over the root pass, since only shrinkage
by the bottonside pass could cause angular distortion in this
direction (due to its location relative to the neutral axis
of the plate). A sanmpling of angular distortion measurenents
taken on the butts of non-preheated panels substantiated this
effect: 75 % of the locations sanpled along the panel edges and
68 % interior to the panels were distorted toward the nol ded
si de.

Preheating was acconplished using the oxy-acetylene torch
setup provided in Figure 58. As shown, two torches were set in
a fixture that was attached to the machine carriage. In this
manner, the torches traveled with the welding machine and could
be mamintained at a constant eight inches in front and seven
inches to each side of the weld puddls. Gas flow was constant.
Vertical height of the torches (and distance from the weld line,
if necessary) could be adjusted to maintain the desired prsheat
t enper at ure.

The use of two torches for preheating, one on each side
of the weld, was preferable to using a single torch along the

weld Iine. The use of two torches provided much better control
of the preheating than would have been afforded with a single
torch. This control was particularly necessary when welding
plates of different thicknesses. Similar control was necessary
when adjusting for variations in anbient tenperature, welding
speeds, and any novenent of the joint during welding. Addition-

ally, any depositing of inconplete conbustion from the torches
on the weld joint and the rssulting inpact on weld quallty was
avoi ded using two torches.

Preheating was acconplished on 62 butts on 10 panels for

hulls LHD-1, CG A6 and CG68.1 Thinner plated panels were chosen
with plate thicknesses ranging prinmarily between 0.18" and

(1) CG 66 and CG68 are 9,000 ton U S nNavy surface conbatant
ships fabricated at Ingalls Shipbuilding, paseagoula, M.
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Figure S58. (continued)

SAW machine without torches

With torches (front angle view) (side view)



0.375" (56 of 62 butts were conbinations of plates in this ranges,
each of the other 6 butts had 1 plate in this range). Pl at e
materials were primarily M| -S-24645SH high strength |ow alloy
(HSLA-80) steel and MI1-S-22698B high strength steel (HTS), as
shown bel ow,

31 butts -- HSLA-80 to HSLA-80
28 butts -- HIS to HTS
2 butts -- HSLA-80 to HY-80
1 butts -- HSLA-80 to HTS
Panel joints were square with no root gap. Each butt was

wel ded with two passes; a root pass on the topside (panel

shi pshape) and then a pass on the bottonside (panel inverted)
of the weld.

Plating was preheated to within a tenperature range of
230 F to "260 F. Tenperature neasurenents were taken using a

portable pyroneter. Preheating greater than this range was
[imted by  the 300 F nmaxinum 1nferpass tenperature that gg
specified in welding procedures for HSLA& sub-zrz wal

Distortion neasurements were taken at the panel edges arc
then interior at approxinately 4 foot intervals. Measur enment s
at the edges and interior were recorded and analyzed separately
due to the obviously larger anmpbunts of distortion that occur at
t he panel edges. Using a dial caliper, distortion was neasured
as the gap between the weld and a nmchined straight edge centered
across the weld. From these neasurements, a nomi nal angul ar
distortion value was calculated. Distortion direction was
denoted as positve (toward nolded line) and negative (away from
nol ded |ine).

92 butts on 18 non-preheated panels were sinilarly neasured
provide a norm to which the preheated results could be
conpar ed. Thi nner plated panels were simlarly chosen with 68
of 92 butts being conbinations, of 0.188" to 0.375" thicknesses
and 23 outts having at least on plate 0.5" thickness or |ess.

Plate materials were also primarily HSLA-80 and HTS, as shown
bel ow.

53 butts -- HTS to HTS

28 butts -- HSLA-80 to HSLA-80

8 butts -- MIld Steel to MId Steel
1 butts -- HTS to Mild Steel



12.3 Analysis of Measurenents

Distortion neasurenents taken on the preheated panels at

both the interior and edges are provided in Table S. Di stortion
neasurenents for nonpreheated panels are simlarly provided
in Table 6. From these neasurenents, sanple nean and standard

devi ation values are calculated as shown bel ow

panel interior panel edges
w/preheat w/o preheat w/preheat w/o preheat
sample mean = 0.28 0.40 0.33 0.81
std. deviation = 1.00 0.88 1.84 1.43
sample size = 251 413 74 113
minimum = -2.41 -2.11 -3.40 -3.27
maximum = 4,16 3.29 3.76 4,14

As shown, a significant decrease in nean distortion was
neasured on the preheated panels. Interior to the panels,
nmean distortion decreased T-rem 0.40 degrees on nonpreheated
panels to 0.28 degrees on preheated panels. Al ong the panel
edges, nean distortion simalarly decreased from 081 to 0.33
degr ees. As a percentage change, these reductions in distortion
may be cal cul ated as:

50.0 % reduction

panel interior, (0.40 - o0.2a)/o0.40

panel edges, (0.81 - 0.33)/0.81 59.3 % reduccion.

To insure that these reductions in nean distortion are not
simply a fuinction of the variability associated with the sanoling
effort, the sanple distributions are tested statistically (see

Appendi x for explanation of statistical nethods). Interior to
the panel, a test statistic value of z = 1.911 establishes that

a mean reduction in distortion exists at a 95 % level of confi-
dence. Along the panel edges, a test statistic value of z = 1.57
rejects a reduction in distortion at this confidence level (z

nmust be greater then 1.645). However, this rejection is very
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(continued)

Table 5.
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Table 6. Distortion measurements, interior and eddes,
on panels without preheat

Plate 1 Plate € fingular Distortion {degrees)
Panel/
Butt # Thk Hat'l Thk Hat'l  Panel Edges Panel interier

at 9 .3t
a2 0. 0.31
A3 0.250 HILD 0.3t
Bl 0.230 HTS 0.37
B2 0.375 HiLD  0.373 NILD
B3 0.375 HILD  0.375 HiLD
84  0.375 HILD  0.375 NILD

Q:é? -Qsl
0.79 -0.2

----- s

0.29  0.57 -0.2% (.45
-6.92 -1.43 G.87 .39 2.8 1,43

[ e o=}
e P Ca)
o~ a3 o~

-0.64 -1.09 -0.42 -0.45 -0.05
1,08 0.49 1,13 40.32
0.60 0,73 0.87 0.93
0,90 3.37 0.5% -0.21
6.6 G.,52 0.37 0.77
¢.20  0.55
0.26 8,36 -0.26 0.24
f.41 -0.39

-0.49  0.49

< I
M - "
[T S TV |
[ I TV S

A Aanp ren A ARE uTin

BS  0.375 HILD  9.375 HiLD

Cf  0.438 HIS 0.623 HTS
L2 0,438 HTS 0,438 HIS

VeTwu v Valuu  diiw

£3  0.230 HTS 0.375 HTS
C4  0.300 HTS 0.373 HIS

=}
3
&}
2
4
A
-

[,
-
&
n

}

!

|

|

|

|

]

1

i

!

]

|

|
C5  0.438 HTS 0,370 HTS | -0.12 9.23 0.7
& 0,375 HIS - 0,438 HT5 | 1.63 0.7 0.38  0.27 -0.09 0.3
€7 0.375 HI§ 0.373 HTS | 0.76  0.87 0.77 90.168 0.21  9.50
£8  0.375 HILD 0,375 MILD | 1.28 1.69 1.33 9.91
M 0.625 HIS 6,500 HIS 1 179 3.3 .60 1,33 1.7 159 0.83 1.07 1.§%
D2 0.300 HTS 0.500 HTS 1 1.i0 2.23 0.68 071 0.83 0,43 078 0.T% 140
£l 0.375 HIS 6.375 HIS 1 .48 1,72 0.18 038 0.32 0.45 .42 9.5% (.35
E2  0.373 HIS 0.375 HTS | 0,37 1.471 9,33 079 0.45 0.45 0.39 1.17
€3 0.375 HIS 0.375 HTS | -0,283 1.7 1 0.27 L.00 0,37 0.3% 0.63 .36 2.2
B4  0.375 HTS 0.375 HTS | -1.57 2.3¢1 o0.22 .28 -0.38 0.66 0.37 0.8 LL6E
Ft  0.300 HiS 0.560 HTS | {.12 29051 1.20 1,37 0.9% G913 092 1G4
F2  0.300 HTS 0.500 HTS | 0.47 o065 1B 128 130
F3  0.300 HTS 0.300 HTS 1 ¢.76 .39 1 0.47 0,38 4.7 109 193 0.8 1.9
F&  0.500 HIS §.300 HIS 1 0.87 i 0.5 6.43 6.02  6.47 1.31 9.28
61  0.250 HiS 0.250 HIE 1| 2.38 o131 148
G2 0.230 HIS 0.23¢ HIS 1 2.22 P25t -0.98 -0.33 -0.88 -0.76 -G.07 -0.35
63 9.230 HIS 0.230 HIS 1 1.3% ! -0.33 -0.38 -0.12 -1, -0.B0 -0.43 0,328
64  0.230 FIS 0.236 HTS | .79 I 1,03 1,07 0.66 1,39 -0.3% 0.7
HY  0.250 HIS ¢.250 HIS t -2.73 Coo0.30 -0.63 9.3 -0.0% 1.32 -0.93 0.%
H2  0.230 HT3 4.253 HTS | 2.2 i 462 -1.13 -4.61 LET 071 105 0,39
H3  0.250 #F §.230 HTS | 1.78 PoL0E 637 .07
He o 0.25306 HTS 0.2530 HTS @ 2.17 Po-0.87 -0.12 107 -0.57  d.ez -1.3% 2.5s
43 0.230 HIS 0.230 1S 1 1.06 i8.47 -076 -U.09 -840 -8.39 0 L2t -6.30
I 0.230 HIS 0,230 HTE | -0.49 I 0.38 0.80 -1.41 -0.71
2 0.250 H7§ 0,850 HI§ | 2.88 PL8E 1,08 -0.30 6.38 -0.2) <433 L.E3
I3 0.250 HTS 0.25¢ H18 T 1.22 i 0,86 -0.26 -0.i1 -0.33 -0.3% -1.31 -0.22
JI 0.830 HiS 0.930 HTS 1 1.9 i 1.57 -0.35 -0.60 -G.0% 0.7
2 0.230 HIS 9,250 HI5 +  6.58 L3101 -0.28 6.22 D §.10 -0LT7 0 008 4,28
KI  0.250 HIS ¢.230 HTS | -2.70 i 2.3% -0.28 0.39 -0.87 -G.48 1.5 -t.iS
KE 0,230 HIg 0.230 HTS @ -2.3¢ L.E3 01 -1, -G.e2 -0.21 0,33 -G.¥2 0.33 -5
K3 0.250 HiS ¢,230 Hiz | -6.48 6.97 1 €.63 059 L.ed 873 8,31 120 0.5
Ky 6,230 ATS 0.250 HIS 1 -0.17 S Y S 0 S-S -
K& 0,230 HTS 6,23 HT3 L 1231 6.8 135 L8 1.6 -0.20 -0.15 0.3
LY 6,500 HIS 0,500 HTE | 006 0030 0.3 675 0.8 0.8
L2 0.300 HIS §.900 HTS 1 .80 0721 G.EF 9.0 9.8 Q.42 D33 L0

[y
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___ Table 6. (continued)

Plate Plate 2 fingular Bistoriien (degrees)
Panel/
Butt # Thk Hat'l Thk Hat'l  Panel Edges fanel Interior

L3 0,300 HTS 0.500 HTS
# 0.219 HSLA  0.200 HSLA
M2 0.219 HSLA  0.219 HSLA
H3  0.219 HSLA  0.219 HSLA
¢ 0.215 HSLA  90.2[9 HSLA
K3 0,219 HSLA  0.219 HSLA |
K6  0.219 HELA  0.219 HELA
¥7  0.219 HSLA  0.E850 HSLA
N8 0,230 HSLA  0.219 HSLA
#e  0.230 HSLA  0.230 HSLA
H10 0.219 HSLA  0.219 HSLA
O 0.2i9 HELA  6.230 HSLA

0,17 0,89 i

.81

1.8 0.8
-2.34 -0.28
-2.43
-1.81

9.93
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slight in that acceptance could be obtained at a 94.2 % level of
confi dence. Thus, it can be safely concluded that a reduction

in nmean distortion of the panel butts both interior and along the
edges was induced through the use of preheating.

However, inprovenent in panel distortion cannot sinply be
eval uated through the change in nean values. These reductions in
nmean distortion can be m sleading. Further exam nation nust

include the variability of the sanple neasurenents.

As shown in the sanple summary val ues above, although a
reduction in nean distortion was observed in the preheated
panels, an increase was observed in the variability (standard

devi ation) of the nmeasurenents. Interior to the panel, standard
deviation increased from 0.88 degrees on nonprsheated panels to
1.00 degrees on preheated panels. Al ong the panel edges,
standard deviation increased from 1.43 to 1.84 degrees. As a

percentage increase, these may be cal cul ated as:

panel interior, (0.88 - 1.00)/0.88 ~ 13.6 % increase

panel edges, (1.43 °1.84)/1.43 ° 29.7 % increase.

The result of this increase in variability is to negate

the inprovenent that was observed in nean distortion. I n ether
words, just as nmny sanple locations had "large" distortion
values with preheating as without it. Interior to the panel,

this conparison may be seen in the frequency distribution of the
di stortion neasurenents provided in Figure 59. Al ong the panel
edges, a simlar conparison is provided in Figure 60.

in another form this conparison of preheated and non-

preheated results may be shown as the percentage of sanple
| ocations outside ranges of distortion:
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Frequency Distribution, Distortion ai Panel
Interior, With and Without Preheat
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Figurea 39. Frequency cistribution of distortion measur=ments
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Frequency Distribution, Distortion at Panel Edges,
With and Without Preheat

:
0%

% with  without B l
> ....$ preheat preheat N 2 with preheat |
S8 T mean = 033 o081 N N e |
3 -{J:std dev = 184 1438 N N ¥ without preheat I
g I N N (@ = 118) |
L N N |
< 20% N N
& 5 ) \\ j’\\

- NN N
I N N N~
10 = N~N:N: N
- NSNS
i :E:m::\t\f\:\ [3
oF— L L \ ~\=: \ \\z'mU} TR
40 -30 -20 —10 00 10 20 30 40 50

Distortion (degrees)

Figur=s 6&0. Fraquency distribuftion of distortion measuraments
at =dges for panels with and withcut preheax

....
Q)



Percent of sample measurements that exceed
(0 +/— n) degrees of distortion

panel interior panel edges

n w/preheat w/o preheat n w/preheat w/o preheat
0.3 S7 % 63 % 1.0 74 % 56 %4
1.0 29 %4 29 % 2.0 34 % 25 %
1.5 14 % it %4 3.0 7 % 7 %
2.0 8 % G % 4.0 O % 1 %
2.5 2 % 2 % 5.0 o % o %
3.0 o % O %

As shown, the preheated panels provided conparable anobunts

of distortion to the nonpreheated panels. The percentage of
sanpl e locations that exceeded each of these various ranges of
distortion are, if not identical, very close. Thus, it can be

concluded that preheating did not reduce the distortion of the
panel butt welds.

From the percentages |isted above, it can be seen that
greater distortion does occur at the edges than interior to the
panel . For exanple, on the preheated panels, only 8 % of the

total neasurenents interior to the panel exceeded +/- 2 degrees
while 34 % exceeded this range at the panel edges. Undoubt abl y,
this difference is the result of reduced restraint to distortion
at the panel edges as conparsd to interior. Since this wll

al ways be the case at the butt edges, then it may be useful to
increase restraint through use of a strongback transverse to

the butt (underneath) at the edges. For the panels welded in
this effort, the run-off tabs at the panel edges provided this
added restraint to sonme degree, but were obviously too Small
(approxinmately 6 inches wide and tacked on each side of the
joint) to prevent the increased distortion at the edges. A 2-3
foot strongback, set tramsverse to the but and tacked every six
i nches should significantly reduce or possioly even slimnate
this problem

Further investigation nust include preheating of the root
pass. When using two torches adjacent to the butt, as in this
effort, wi dening of the backing tape or manual taping of it to

[
[
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the joint will not be successful. Some type of mechanica
support will be required. Preheating may be better and nore
easily applied at the follow ng stage in the panel construction
process: fillet welding of panel |ongitudinal and fram ng.
Since the wel ding of panel |ongitudinal and fram ng nornmally
represent such a large proportion of the total ships welding
(probably the greatest anmount of welding at any single stage of
construction), reduction of the weld distortion generated from
this construction stage could significantly reduce overal

di stortion costs.

Further investigation should additionally include the use
of higher preheat tenperatures. Higher preheat tenperatures
will further reduce the cooling rate. However, care nust be
taken not to exceed nmaxi mum interpass tenperatures that can be
detrimental to the plate properties. I n naval shi pbuil ding,
this is a significant limtation in that an increasingly |arge
amount of plating is of thinner high strength |ow alloy (HSLA)
or high yield (HY-80/100) nmaterial. It is this thinner plating
that distorts the greatest, often as "buckling distortion".
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13.0 Water Coolant for Flange Stripping

In ship construction, it is commbn to nanufacture tees by
stripping the flanges from |-beans. When nmanufacturing a single
tee at a tine, this is wusually acconplished with two torches
running on a notor driven car and track. In manufacturing
several tees at one time, this task may be acconplished wth
several torch heads attached to a notor-driven gantry that
spans and traverses down the |-beans being cut. Figure 61 shows
the gantry system at Ingalls Shipbuilding that wll mnufacture
10 tees at one tine.

A common result of the flange stripping process is distor-
tion in the tees produced. This distortion is caused by the hest
of the cutting process which induces shrinkage in the web along
the edge where the flanges were cut. The result is often a tee
with a "bow' in both the plane of the flange and web as shown in
Fi gure 52. In sone cases there may also be a twist, or ratation
of one end of the tee relative to the other.

Correction of this distortion is normally acconplished
through line heating. Figure 63 shows |ine heating nethods for
renoving distortion in the web and flange planes. As seen, this
correction is acconplished through use of a "V-heat" pattern.
in each case, heating is acconplished on the convex sids of
t he bow. In this nmanner, the convex side of the bow may be
shrunk to the sane length as the concave side thersby producing
a straight tee in that plane.

If not corrected earlier, then the distortion in the tee
nmust be renoved in the fitting process. As shown in Figure 54.
a strongback and wedge is normally used to force the tee to
a straight condition for fitup. The result is increased fitup
costs as well as added stresses to the structural assenbl, that
in turn. add to fitup and straigntening cost in future construc-
tion stages.
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Figure 61. Flange stripping gantry system that can produce
10 tees at a time
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40 ft tees in shop, prior to straightening

N~
2-3/8 inch bow in one tee 3-1/2 inch bow in another
Figure é&é2. Distortion in tees from flange stripping process
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Figure 63. Vee heat patterns used to correct the distortion in tees
produced from the flange stripping and hole cutting process
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gure 64. Fitting of a tee using a saddle and wedges
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13.1 Test WMethod

Figure 65 shows the setup that is currently used on the
gantry cutting system for steel tees at Ingalls Shipbuilding. I'n
this effort, the extent of distortion reduction achieved through

this application of water coolant was neasured.

As shown in the figure, water is applied through a small

tube that is attached to the torch carrriage. A small water
stream is applied to the tee web at approximately 3 inches
behind the torches. This stream is applied continuously

t hr oughout the length of the tee. The tee is held straight
during the cutting effort by a clanping system Shown in

Figure 66, that holds each bottom flange rigid. In addition
to nmaintaining the straightness of the tee for cutting purposes;
the restraint of the clanping system assists in i-educing the
tee distortion.

13.2 Distortion Measurenents
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Figure 67. Quantity of tees measured by size and length in
the samples with and without water

Without Water With Water

Length Length
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sanple with water were of this configuration. Si nce shrinkage
is induced on the side of the web where the flanges are renbved,
then the location of this shrinkage relative to the neutral

axis of the tee should cause a bow in the opposite direction.
Sanpl e nmeasurenents in the plane of the web which were distorted

as in Figure 69 were assigned a negative value, denoting this
condition.

13.3 Analysis of Measurements

Sanpl e neasurenents for distortion in the web and flange
pl anes are shown in Table 7. A frequency distribution of
these measurenents is provided in Fiqurs 70. As seen in this
chart and the table of mnimum and naxi mum neasurenments bel ow,
a reduction in the range of distortion was observed for the
tees using a water cool ant:

Plane of Flange Plane of Web

without with without with

water water water water
minimum value = 0.037" 0.0&8" -1.921" -1.213"
maximum value = 2.063" i.421" 2.442" i1.992"
range = 2.008" i.353¢ 4, 433" 3.207

In calculating the sanple nean and standard deviation
valuess a simlar reduction in distortion is seen in the tess

cut with water cool ant:

Plane of Flange Plane of Weo

without with ~ithous a~ifn
water wacer deiza; natar watar ‘Z2iTa.
sample mean = 0.544" 0.4%94" 93.048" 3.439" 0.213" 0.3elt
sample std dev = 0.&32" 0.33?2" ¢.113" Cc.823" D.&256" Q.197¢
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Plane 7
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Frequency Distribution: Frequency Distribution:

Measurements in the Plane Measurements in the Plane
of the Flange of the Web
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Figure 70. Frequency distribution of measurements in the glane ¥
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In the plane of the flange, a nean reduction in distortion
= 0.048" was neasured. As a percentage change, this may be
cal cul ated as:

(0.544 - 0.496)/0.544 = 8.8 % reduction.

In the plane of the web, a nean reduction in distortion
= 0.241" was neasured. As a percentage change, this nmay be
cal cul ated as:

(0.459 - 0.218)/0.459 = 52.5 % reduction.

Statistical testing of these clains for reduction in tee

di stortion enphasized the results above. For the sanples
neasured in the plane of the web, a test statistic value of
7 = 2.47 established that a nmean reduction in distortion exists

at a 95 % level of confidence (see Appendix for explanation of
statistical nethods).

For the sanples neasured in the plane of the flange,

however, statistical testing produced a test statistic value of

; = 0.90 which causes a rejection at a 95 % canfidence Ilevel ¢
nmust be greater than 1.645). Thus, based on the variability seen
in the sanple neasurenents, there is a greater than 5 % chance
that the difference in mean distortion between the flanges cut
with and without water is sinply a result of randomess in the
sanpling effort. The question, however, is how much greater a
chance? From the calculated test statistic, it can be shown that
a reduction in nean distortion could be established at an 61.6 %

l evel of confidence. Gven this relatively high confidence’l evel
and the distortion reduction already established in the plane of
the web, it can be safely concluded that distorting was reduced

in the plane of flange through use of a water cool ant.

in summary, it is seen that the application of a water
stream directly behind the torches will signitiantly reducs tha
the distortion aof the tee beam produced. In this =2ffor:t, mean
=

distortion was raduc=ad 32.3 4 in the plane o7 the web and 3.3 %
in the plane o7F tne Tlange.
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14.0 Induction Straightening

In the fabrication of ships structure, local heating at
wel ded joints causes plating distortion. On decks, bul kheads,
and shell plating, this distortion often produces the "hungry
horse" look famliar to all fabricators. When exceedi ng close
specification tolerances for distortion, costly straightening
efforts are required. The nobst common nethod for acconplishing
this straightening is through the use of flane heating. Heat
is applied using an oxy-acetylene torch and then quickly cooled
through a conbination spray of air and water. An initial pass
is made on the snmooth side of the plating directly above the
stiffener locations, as shown in Figure 71. Shrinkage is induced
that forces the plating to a flatter plane between stiffeners.

I nduction straightening relies upon this sanme shrinkage

effect to correct distortion in steel plating. In this case,
however, heat is generated by induction. Al ternating current
within the induction unit produces a rapidly expanding and

col lapsing electromagnetic field. Wwhen this field is inposed
through the steel plating, eddy currents are generated wthin
the plating material. Resi stance of the material to these
currents generates heat. Control over the magnetic field

strength and/or tine of application provides control over the
anmount of heat produced.

In this study, the effectiveness of induction straightening
on the thinner plating increasingly associated with U S naval

construction was investigated. The induction system used in
“nis =27 orT was the Terac-16 system prnduced by Elva |nduksjon
Z.2.. iDTwaEv.
I=.1 Zguisment Description anc Zoserztisc

T2 sosI=2m Za3rsists 27 WG CSE32.I ZIImMGD TETIE: - z Tt i
ZTmasE ~lzn TO2RGUSNCY ZonvRTIET TaT JE TSI isEo o x Tl= 1zls=
power cable o (2} & manuallv positicned incuctlzn ~=zaIl"2 0.7
az shown in Figures 72.

Converter unit dimensions are approximately £0" long,
21.3" wige, 32.3" high with a weight of 240 pounds. The
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Figure 71. Flame straightening pass directly above deck longitudinals
to correct distortion in deck plating
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converter unit is nounted on wheels for novenent across a flat
deck. The inductor unit is approximtely 15" long, 6" wide,
8" high with a weight of 20 pounds without the handle.

Qperation of the induction system is sinple. The frequency
converter provides a controlled output power (16 kw) to the
i nduction unit. The induction unit produces the magnetic
field which generates heat in the form of a concentrated stripe
approximtely 6.5" x 0.375". A dial control on the inductor
head is used to preset the heating tinme for the particular
plate thickness being straightened, and whether surface or

through heating is required. The power is manually swtched
on by a button on the inductor unit handle and is automatically
switched off after the preset heating tine. During operation,

el ectromagnets within the inductor head provide clanping to the
pl ating surface.

Start-up preparation sinply requires nmaking two
connections: a conpressed air supply to the inductor head for
cooling, and a fixed power cable from the frequency converter
to a three phase supply.

14.2 Test Method

The effectiveness of the induction unit in straightening
thinner plating was investigated through use on two hull blocks,
#305 2nd and 1st platforns on CG-65. The dimensions of each
platform were approximately 36 by 52 feet. Pl ati ng was 0.25"
and 0.213" M|-S-226988B ABS grade DH 36, Class U high strength
steel on the 2nd platform and 0.168" M| -S-2465(SH) type 1,
class 1 high strength low alloy (HSLA-80 Steel on the 1st

|atform Longi tudi nal spacing ranged from 24" to 27". Spaci ng
etween frame nmenbers was 8'.

Straightening cf =2ach plasform was accomolished prior to
stacking of the deck is=vel apove. Zoth units werz2 snipshace
during straightening.

In the same manner as flanme straigtening, induction
straightening is nost effectively acconplished through the use
of various patterns. Wth vendor assistance, patterns as
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provided in Figures 73 and 74 were enployed. Because of the
relatively large distortion in the thinner decks chosen, a three
pass pattern was required, with a forth pass used only where
necessary:

1st pass -- directly over the longitudinal, spaced approx-
imtely 4-6".
2nd pass --— between the 1st pass heating zones and approx—

imately 0.75" away from the stiffener center

toward the side with the nost distortion.
3rd pass -- to the side with the greatest renaining

distortion, either between the 2nd pass

heating zones or on the opposite side of

the longitudinal as a mrror imge of the

2nd pass.
4th pass -- cross pattern interior to the |ongitudinals,
only in locations still out - of -t ol erance.

Timng of the induction unit was set to provide "through"
heating Wiich could be visually seen on the underside of the
plating as a dark red color for a period of 2-3 seconds.
Through heating acconplishes straightening by shrinking the
plating uniformy through its thickness.

Prior to straightening efforts, neasurenents were taken
to locate areas out of tolerance. Al t hough M1 -Std-1689(SH)
requirenments allow up to 0.625" unfairness for the tested
plating thicknesses and stiffener spacings, this tolerance
was known to be excessive to support fitting of squipnent
foundations for berthing conponent bases in those areas.
Consequently. a "working" tolerance of 0.375" ws invoked
to neet the fitting requirenments. Deck areas Qutside this~
working tolerance were identified.

Distortion measuresments weres zak=2n at the midpoint
twaen longitudinals at sach Trame locasion. a8t =2ach
cation measurements were taken using an inside dia: caiiner
a machined straight =dge set across tne longitudinals as
own in Figure 72. Prior to taking measurements atter each
ass, cooling of the deck to ambisnt was allowad.

m

T W e~ ¥
T 0o a
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Distortion in deck plating
both sides of longitudinal

Ilst pass —— directly over deck lcngitudinal

2nd pass —— between first pass heating zones, 0.75" off
longitudinal center to side with most distortion.

3rd pass -- to side of longitudinal
opposite of second pass

A
—
(o

4
J

&

..
AN ’/
>>/\><
)\C
(=5 s
o)

4th pass -—-—

cross—pattern, only in ar=zas s3%il!}
csut—-of—-tsclarance, starting alsng longiitucinals
and progressing toward midpoint
Figqure 73. Inducsion stTraxghiening paztern of appllizazion,
out-of ‘tolerance distortion on both sides of deck longituginal
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Straightening was accomplished 1in the out of tolerance
areas using the three pass pattern described previously.
After each pass, distortion measurements were taken again to
determine those areas still out of tolerance and the effects
of each completed pass.

14.4 Analysis of Measurenents

The distortion neasurenents taken prior to straightening
and then after each pass are provided in Tables 8 and 9.
For those taken prior to straightening, 82 and 174 |ocations
were identified out-of-tolerance on the "2nd and Ist platfornms,
respectively. The disparity in distortion in the tw platforns
can be attributed to the large anount of 0.188" plating in
in the 1st platform

Breakdown of these out-of-tolerance locations by plate
t hi ckness showed:

2nd platform -- 52 l|ocations on (2.250" plate
-- 30 locations on 0.313" plate

ist platform — all 174 locations on ©,188" place

Average untairness of the out—-of—-tolerance locations on
the 2nd platform was 0.35%96" with a maximum anTairness egual o
0.863". For the 1st plattorm, the averags oY the out-o7-
tolerance locations was G.383" with a3 maximum untairness =qual
to 0.3775%.

The perTtormance of =2ach induction siraightening oa

-h U

s i
=rEnc
i

terms of imorovement to ftolerance showsd a distinct divd =
tetwesen the two platforms. These diTversnca2se ars =nown in the
table below and ar= illustrated in a Tragusncoy dissriousicon o7

the measur=ments in “igurs 75.
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Table 8. (continued)

Dizfertion Heasuresents [inches:
ifeasured
betwean Plate is3 Znd 3rd
Longi‘s 9 frame GSize Initial  Pass Pass Pass Finai

i

i

i

]
L5/L7-3 380 3/16 1 9855 04863 )EDS 2.5%
L8/L9-8 380 36 1 0.5h8 0,289 {.487 0,488
LIO/LLI-S 3/ 6 1 6,853 .23 0.402 b33
L2/L3-P 381 3716 1 0,803 8,007 0448 §.473
L3/L4-8 /L s 1 0,463 2312 0.0 §,089
L3/LS-P 3| 3146 ¢ G.6SH 0 0.507 0,436 3425 1.27%5
Lo/L7-5 3|/ s P 50 3490 0.3%2 0,397 5.289
L8/L3-5 3|1 316 1 D4k 05538 023 0.246
LesLio-p 3|1 3/ 1 0578 0.440  0.4Bh 0.510 0,475
SLLi-p /2 316 1 T -0.075 0 -0.981 -¢,082
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Table 9. cont nued

Distortien Heasureasnis inches
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tongl's & Frame 5izs
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L3/L4-3 366 174 0.337  4.488  0.222  4.13¢C
t3/La-3 3L 174 0.633 ¢35 9.89F 0.173
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Figure 76. Frequency distribution of measurements after each pass of
induction unit on 1st and 2nd platforms
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% of Sanple Locations CQut-of -Tolerance

2nd Platform 1st Platform
prior to straightening 100.0 x 100.0 %
after 1st pass 93.9 % 90.2 %
after 2nd pass 40.2 % 60.3 %
after 3rd pass 13.4 % 59.8 %
after 4th pass 0.00 % 41.9 %

As shown, a reduction in distortion was neasured after
each pass of the induction unit on both platforns. The extent
of this reduction, however, differed significantly between the
two platforns.

On the second platform which included 0.25” and 0.313"
plating, all of the out-of-tolerance locations were rorrected
t hrough four passes. In fact, 87 % were corrected through the
first three passes along the deck longitudinal so that only
two specific areas required a cross pattern between |ongitu-—
dinals, shown in Figure 77.

On the first platform howevers although a significant
anount of the out-of-tolerance locations were corrected, a
reduced effect was observed in conparison to the second platform
This difference can be attributed to the |arge anount of 0.188"
plating in the 1st platform On this deck level virtually no
distortion reduction was observed in the third pass. Attenpts
to renobve the distortion through the fourth pass {cross
pattern) did not produce Favorable results. In this case
the induction heating produced a Verylocal affect that
fortmed “swelled” spots !N the plating. This effect was
conpensated for by a reductional in heat input [reduction in
the span tinme of induction but was acconpanied by reduced
effeCt on distortion. Correction of the remaining ouve o1 -

-3 = - ST T

tolerance locations was zattsmprT=d STnrowugh wvariastions o Trs
cross pattern (4th pass) but were simlarly unsuccessful
in further reducing distortion.

Another view of these same re2sults is provided through a
breakdown of the measur2ments Tor =ach pass by plats thicknss

.
[ =1

S.
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Performance of each pass in terns of the percent of |ocations
out-of -tol erance by plate thickness showed:

% of Sanple Locations Qut-of-Tolerance

0. 313" 0. 250" 0. 188"
prior to straightening 100.0 % 100.0 % 100.0 %
after 1st pass 90.0 % 96.2 % 90.2 %
after 2nd pass 60.0 % 30.0 % 60.3 %
after 3rd pass 3.3 % 19.2 % 59.8 %
after 4th pass 0.0 x 0.0% 41.9 %

As shown, all distortion was brought within tolerance on
the 0.25" and 0.313" plating through the four passes. Simlar
results were obtained for the first two passes on 0.188" plating

but were limted beyond that point.

14.5 Additional bservations and Conmments

Use of the induction system lead to the follow ng additional
observati ons:

O The induction system was sinple to operate and hook-up.
Uperation of the system could be learned quickly and

easily.

O Although general settings (span time of heating) are
pre-estaniisnea P 1 AT € thickness, Smal | adjust ments
nmust be nmade for the desired effect. The induction unit

provides relatively close control over heat output.

For sxample, when the pass is made diresctly over zhe
longitudinal an iﬁrf=ase in h=ating =Time is raguirsg

to offset the "heat sink" =277=2c% orovided 2y the iangi-
tudinal. Outside the long;tudl1als, 2 decr=sass Zan be
made to obtain "surface" rather tnan througn neating.
Operators noted that a “"f==i" Tor hesating tinmes s

gui ckly obt ai ned.



O Use on flat deck areas was a one nman operation.
Al though not attenpted, operation of two induction
units at a tine by one pefS0hn as purported by the
manuf acturer could be seen as difficult due to the
short span tinme of heating at each location (normally
20-40 seconds).

0 Increased difficulty was found in areas with extrene
| ocal distortion (such as where lifting lugs, hole
conpensation or deck drains are welded) because the
i nduction unit could not sit flat on the deck.

0 The patterns of application should be better defined
to maximze the correction of distortion in the mnimm
nunber of passes. As seen in the neasurenments a
consistently reduced effect occursd in the first pass
directly over the longitudinal (approximately 5-10 %
reduction in out-of-tolerance |ocations) as conpared
to succesive passes just outside the |[ongitudinal
centerline (30-50 Y, reduction)

Consequently, a first pass directly above the deck

| ongi tudinal (as recommended) nmay not be nobst effective
when trying to correct distortion to one side only.

Whol e passes nay be elimnated reducing the tine of
operation by as much as 25-33 %

0 The induction unit burned through the deck priner.
Pai nt accurulation on the bottom of the unit had to be
routinely renoved.

0 For areas of extreme distortion (greater than 0.354"
bulge) , “jacking” of the plate into the desired Plane

prior to the application of heat is recomended.

This nethod was not tested but was observed at St. John
Shi pbuilding, St. John, N.B., Canada and found to be
ettective, altoug =ostiy in the l=vel of =Ffs-2 and
time required.

i Limtations in use of the system on bul kheads can be

seen due to the weight of the induction head. A
counter weight pulley system can be obtained from the
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manuf acturer . However, this method of use allows for
only a small region to be treated before it is necessary

to move the pulley system

Straightening efforts interior to a ship my be accom
plished using an extension of the converter to induction
unit cable up to a nmaxi num | ength of 145 . Beyond this
Il ength, straightening efforts would be difficult. The
weight of the converter, as well as its physical dinen-
sions would create problens when trying to nove the unit
through watertight dnors and hatches.

dl
[3]



15.0 Concl usi on

In ship construction, with the extensive use of welding
and cutting processes at nearly all stages of manufactures the
added costs from distortion are substantial . These added costs
are reflected not only in the straightening efforts required
to renove the distortion, but also in significant increases in
fitting and welding requirenents. Distorted parts routinely
increase the difficulty of fitup, often causing poor fitup and
in sone cases requiring cutback and rewelding of previously
conpleted joints. Poorly fit parts cause overwelding, increasing
wel ding costs and further conpounding the distortion problem
asa result, the control of distortion provides a neans for
significantly reducing construction costs.

The successful application of distortion control rsquires
a general understanding of the effects of normally incurred
design and construction variables. Understanding the effects
of such variables as joint location, weld sizes, sequence of
assenbly and welding are necessary in determning the causes
and cures for distortion. Types of distortion (as well as
direction) in a weldnment may often be predicted and applicable
control neasures enployed.

The selection of distortion control techniques nust b=
suited to the particular weldnent and construction nethod. Not
al | —ecnniques are US ET U in all situations. Simlarly, no
i ndi vidual control technique can be singularly used to sffec-
tilvely prevent distortion. For exanple, what good is the use of
a backstep sequence if fitup accuracy is poor and overwelding is
is the result? Instead, distortion control nust be enphasized
through each stage of the design and construction process.

Design engineers, planners, craft supervisors and the craftsnen
t hensel ves nust each nmmintain distortion control as a priority.
The fi-pei-t=ric= nr —imin—mg 0 € S 1 g n and production personnel

(with particular enphasis on 1st line Supervision) to anticipate
distortion problenms and in the appiication of preventive nethods
shoul d not be underesti mated

&s = base approach, the control o7 fisup accuracy and
overwelding is =sssential. In many shops, the a2mphasis on thass
attributes tand quality in general) is ofien wvariable with
workload and the fluctuating concerns Tor cost and schedule
performance. It has been snown *hat statistical procsss contrat
orocedures can be used to improve and then effecitively control
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these attributes. Routine sanpling can be acconplished at
mninmal cost and be used to mmintain a priority on fitup and
wel di ng accuracy.

In this study, a variety of nethods including the use of
resonant vibration during welding, presetting, weld sequencing,

preheating, induction straightening and the use of water cooiing
during |-beam flange stripping operations were investigated

with varying results. From these efforts, further study is
suggested in a nunber of areas, including:

o the relationship between changes in the resonant
frequency and residual stress levels in a weldnent

0 a conparison of the effect on distortion of resanant
vi bration versus subresondnt vibration applied during
wel di ng operations

0 the effect on resultant distortion (distinguished from
residual stress levels) of various reduced weld cooling
rates

Q the effect on distortion of prestraining large panels
and bul kheads through use of shins during the fit and
wel ding of stiffening |ongitudinals

o the overall costs of distortion; determning the
costs incurred in a shipbuilding environment for the
additional fitting and welding efforts required from
normal |y achieved distortion anobunts.

in sutmmary, the control of distortion should not be
nerceived as simply an additional cost rezquired fto maintain
quality standards, but rather as a means Tor Ilmproving produc-—
tivity. For shipbuilding in particular, iIne 2merasis on
distortion control can be an investment with significant gpayback.
However, unlike the upgrade of a2quipment or other purcnasaple
oroducsivisv gains, the changes in methods. 2cersonnmel skiils
ang prior:ties as is r=guirad at =acn stage of design and
construction will not be =2asily accomplished. Commicment ang
direction will be the inroad to the oid axiom Shat "qualit "
pays off.

-
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appendi x: Statistical Analysis of Data

To provide a further understanding of results, a brief
summary of the statistical nethods used is provided.

Process Variability

Variabiltiy is inherent in all manufacturing processes.
Variations in personnel skill levels, wear on machinery, the
quality of raw materials, environment and numerous other
causes for error prevent the manufacture, no matter how
carefully controlled, of the exact same product each tine.
Even the sinplest nmanufacturing operations wll praduce
variations from design dimensions. Thus , any realistic
definition of a process characteristic must include not only
a nmean value but the normally achieved variation from this
val ue.

Wien sanpling a process, a commonly used paranmeter known
as “sanple standard deviation”, s, is used for quantifying this
variation, and is defined by

j 3 | ey
s = /( n__\Z{x-%) = 2 (x-X)~
yin-1 ] n n-1
where X represents the average of the sanple, X represents sach
of the individual neasurenents, and n is the sanple size. cans can
be seen, as the variation of the individual neasurenents from the
nmean increases, the sanple standard deviation wll increase.

As the size of a sanple increases, the variation within the
sanple nore closely approximtes the true procsss variation: '€,
the sanpie standard deviation approaches the prccess standard

devi ati on. The Factor n/(n-1) approaches the value 1, so that
the process -standard devlatlan, C , IS defined by
c= [ E(x-%)F
Y g

Nor mal Di stributions

Process sanples, due to variation within the process and. to
a snaller degree, variation in the neasuring technique itself,
will produce a “scattering” of data val ues. Interpretation of
this variation is often accomlished through the of a “fres-
guency distribution”.

Al



As an exanple, Figure 1 provides 84 sanple neasurenents of

the variance from design width of steel panels. Figure 2
provides a frequency distribution of the data. As shown, ranges
of measurenent are established and the quantity of sanple values
that fall into each range is counted. When charted as in Figure
a graphic representation of the sanple distribution known as
a histogram is displayed. In this format, it can be seen that

panel widths tend to vary within a specified range (0.25" short
to 0.5" full) and converge around a nean value (= 0.099").

Statistical analysis is acconplished through nmathematical
nodeling of frequency distributions. The mmst widely used dis-
tribution, and one that is often a good approximation to manufac-
turing processes, is known as the “normal distribution”. Fi gure
,4 shows the nornmal distribution superinposed On the panel width

hi st ogram

As seen, the normal distribution produces a “beil shaped”

curve that has one inportant characteristic -- symmetry about ~he
nean val ue. For this reason, the normal distribution does not

provide a good approxinmation of skewed process distributions.

The normal distribution is defined by two paraneters, the
orocess mean ( M) and process standard deviation (T ), in the

| = (1/2)[(x= /)] z
foo = —— e

zZn

2quation

where f(x) is the height of the normal curve at A

The area underneath the normal curve fnr any interval o f
represents the probability of occurance within that interval. To
determine these probabilities for any se2t of faand @ . the
normal distribution eauation is expressed as the “standard nornal
di stribution”

-( 12>z
Fra) = —— &

2

wherea = = (x-yyﬁf) = lacationm 37 # in sTandard deviazion
]

units awav from the mean.

Tables for the standard normal distributicn, as shown in Tigure
s, provide the arsa under the cur.e {(propapilisy! that is sutsils
particular values of =z (often described as the "z-scor="” para-

meter).



Figure 5 provides a graph of the standard normal distribu-
tion. As shown, nearly all of the area underneath the curve
(99.74 9% is located within the interval nf three standard
devi ati ons from the nean. In the sane nmanner, it can be shown
that 95.44 % of the area is within two standard deviations from
the nmean, and 66.26 % is within one standard deviation.

As anot her exanple, suppose through repeated sanples that
the actual process nean for panel wdth accuracy was established
as M = 0.063", and that the "spread" of this accuracy was estab-
lished as U = 0.150". From this definition, what percentage of
panel widths could be expected to fall outside an established
tol erance of +/- 0.375"7?

Using K = 0.063" and T = 0.130", z-score values for the
tol erance above (x = 0.375") and below (x = -0.375") the nean
are calcul ated as:

2 = (0.375 - 0.063)/045C and z = (L0375 - C.C63)[C.ISC
z = 2.08 zZ= -2.42

In other words, the upper and lower tolerance linits are 2.08
and 2.92 standard deviation units away from the process nean!
respectively. From the standard normal distribution table in
Figure 6, it is determined that only 1.88 % and 0.18 % of the
panel w dths produced exceed the upper and |ower tolarance
limts, respectively. ,Figure 7 expresses these percentages =zs
the area underneath the standard nornal distribution curve that
is outside z-score values of 2.08 and 2.92.

sanpling Distributions

For any process, statistical values such as “nean’ and

“standard deviation” will vary from sanple to sanmple due to the
randommess associated with the sanpling effort. Thus, these
statistics will thenselves nave a distribution, known as 3

“sanpling distribution:’.

For the "mean" of a sample., itz zsampling distribuzi,jirs
detTined by a powerful the=orem known as ithe "cantrzal limic
theorenf . This theorem states that the ciistribution of the
sanple nean for large sanples (usually 30 or nobre) from a popul a-
tion will be approximateiy normal — whether the sanpled popul a-
tion is normal or not, The nean of this sanpling distribution
will equal the nean of the population, p¢ ;s and will have =

standard deviation{UF, aqual:

c;_z-:rf/,"ﬁ' s
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Thus , if a large nunber of sanples of the sane size, n, were
taken from the sane population, the nean of these sanples would
be normally distributed as defined by and O- , as shown in
Fi gure 8. P

An inportant use of this sanpling distribution is in deter-
mning, at some predefine level of confidence, the range in

which a process nean should lie. This range, known as the
“confidence interval”, is often expressed as a function of the
z—score:
X +/—
/I Zaqétjf

where X = the sample mean, U;=0/fn , and z is determned bv
the desired level of confidence = (i-«). As shown in Figure 9
a , represents the probabiltiy of the process nean being
outside the confidence interval.

As previously discussed, the table for the standard nornal
distribution can be used to deternine the probabiltiy af occur’

ence outside a z-score val ue. Reversely, the z-score value can
be determined for any given wvalue of &« |, or e /2. Fo] -
example, for a 95 % level of confidence &= 1-0.93 = 0.25. Since
it is possible that the procsss mean occurs on either side 5: the
confidence interval , Z-score vdlues at X /2 = 0.085 ars used.
From Figure &, at %/2= 0.025, the z—-score= is determined as

Z pps =1.96. Thus , the 95 % confidence interval can be Jafinec
as:

X +/- (196D U

As an example, from the initial panel width samgpiz2 o7 34
measurements, within what range can the actual orocass pean D=
exvpected to fall with = 25 % l=vel of confidence? rFrom the 34
measurments, a sample meEan = 2.0%9" ang a3 standavg deviaticon =
D.142" were calculated. The standard geviation of th=2 samolling
distribution, U} . iz calculatad as:

standard deviation, U‘; = C‘./‘/Z/’{E;T = c.cis” N

m

Thus., the 25 % confilidencs interval for fhne procsss msan, FL s 1

C.c99" +4 (L96)(c.ai5”) = O.CF” +/- c.c29”
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In other words, the actual process nean for panel wdth
accuracy can be expected with a 95 % level of confidence to fall
within a range of -0.070" to 0.128”, as shown in Figure 10.

Testing Hypotheses about a Popul ation Man

In statistical testing, hypotheses are established concern-
ing the expected outcone of the test. The outconme that the
researcher wants to disprove is known as the “null hypothesis”.
The hypothesis the researcher wants to establish is known as the
“alternative hypothesis”.

When testing hypotheses there are two type= of error that

can be made: Type | error -- where the null hypothesis is reject-
ed by is actually true, and Type Il error -- where the null
hypothesis is not rejected and is actually false. The probabil -
ity of Type | error occuring is usually denoted by "o« ". Thus ,
the value (1-%9 is the probability of nmaking a correct decision
when the null hypothesis is false. In nost cases, the value of

@ is defined prior to testing in accordance with the confidence
| evel desired in the conclusion.

As an example, what if a perfornmance standard was appliad
to the panel construction process such that nean panel w dths
were required to have a iess than O 125" variance from design?
From the sample taken, which produced a nean = 0.099” , could the
conclusion be drawn that the process was perfornmng within this
standard? At a 95 % level of confidence?

In this case, an alternative hypothesis that states “nean
panel widths are iess than 0.125 inches” is desired to be proven.
To establish this assertion, a ruihypothesis that states “nean
panel widths are equal to the 0. 125 inch requirement” wll
attenpted to be disproven:

null nhypothesis, Ho : = 0.125
alternative hypothesis, HQ : fo 0.125
Assume that mean panel widths = $.125". As already =2sta-
blished, if numerous samples wera taken “rom this progess, the
sample means produced would vary due to the randomness associats
with the sampling =2ffort. This variation in sample mesan values
can be represented as a sampling distvibutieon with a me2an a2qua
to the hvpothesized process mean of 0.123". Testing of zhe null
hypothesis is accomplished by establishing a Zonfidencs interwval

A5

L



within this sanmpling distribution. If the nean of the sanple
actually taken {expressed as its z-score) is outside this
interval, then because af the inprobability of this accurence
the ..hypotheis 1is rejected.

For a 95 % confidence interval, c4 = 0.05, so that from
Figure 6 the interval boundary is deternmned as Z, .= -1.645.
This boundary defines the rejection region as all sanple nean
z-score values less than -1.645:

rejection region, 7z < -1.645

as shown in Figure 11.

Note in this exanple that the 5 % rejection region is |ocated

exclusively on the left side of the sanpling distribution. Thi s
is because only sanple nean,values |ess than the hypothesized
nmean of 0. 125" would support the alternative hypothesis. This is
known as a one-sided test. If a panel width requirenent was set,
1|‘_or heéarrpl e, as “equal 0“ , then a two-sided test would be estab-

i shed as:

null hypothesis, H, : 72
alternative hypothesis! H. ¢ [

~NLL
b

and at a 95 % level of confidence the rejection region would be
establ i.sried as z > =z , Where z = =z = 1.%5.
/2 /2 028
The z-score of the sanple nean is expressed relative to the
hypot hesi zed process nean:

X = ;M

e

Z =

Te s/fn

sample nean

oy

G

wnhers X

W

S B B A

)
fv

xR

- 7)r

Tor thiz sxample. wh=2r= the panel wid
= = 0.148" and n = 84, the z—-scors is zZal

2 = (0.097 - cu2s)/(c.142/ [T

v/
tl
i
-~
Q\
g

m
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Since this value falls in the rejection region z < -1.645,
as shown in Figure 12, it nust be conciuded that the null hypo-
thesis is false. Thus, it can be stated with a 95 X level of
confidence that panel w dths have a nean variance from design
that is less. than the 0.125" requirenent.

rRs shown, the z-score value of the sanple nmean nmay be used

as a “test statistic” in drawing conclusions concerning the null
hypot hesi s. Wien the z-score test statistic falls in the
rejection region, as defined by the confidence interval in terns
of z~ , then the null hypothesis is concluded to be false and

the alternative hypothesis is true.

Testing Hypotheses about the Difference in Two
Popul ati ons Means

often it is desired to conpare the neans of two independent
sanples to determine whether the populations from which they wers
drawn are the sane or different. This is acconplished by testing
hypot heses that conpare the difference in the sanple neans to a
predefine value, such as “O.

As described previously, the sanpling distribution for the
sanpl e mean of a population ‘was stated to be normal for |arge
values of n in accordance with the central limt theorem *” the
same manner, the sanpling distribution of the difference between
the neans of independent sanples From two populations is also
normal ly distributed for large sanple sizes.

it can be shown that the mean of this sanpling distribution

is the difference between the population ,means ¢ u - u,), and
the standard deviation is

where U = the process standard dewiation, where “or large
sample sizes (n * 30 U mav De aporoximatec 2v
the sample standard deviation, s

and n = sample size.

Testing for the difference between two populations is
acconpl i shed by establishing and attenpting to disprove a null
hypot hesis that no difference exists between the twe population
neans. The alternative hypothesis states that either the differ-
ence is specifically less (or specifically greater) than zera,
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requiring a one-sided test, O sinply does not equal zero,
requiring a two-sided test. In sone tests, a predefined value
other than zero is used for the hypothesized difference between
the two popul ation neans.

Testing is simlar to that already acconplished for a single
sanpl e about the sanpling distribution of a hypothesized popul a-
tion nean. The sampling distribution of the difference between
the neans of the two populations is defined by its two para-
meters: mean, (,-g,), and standard deviation, Ugz_zy. Figure 13
shows this distribution as defined by these val ues. Then,
from a predefine level of confidence (1-0(), a confidence
interval within the sanpling distribution may be established.

The boundaries of this interval, expressed as z,,,, are deter-
mned from the table in Figure 6. Z-score values outside these
boundaries form the rejection region for the null hypothesis at
an ¢ level of significance (probability for Type | errori
The z-score test statistic is expressed as:
(.)?1 - -"EZ) - Do
2 = S
(X,~%XD
wher o the hypothesized difference oetween the
popul ation neans (often equal to zero).
The confidence interval in which the difference between the

two populaticns can be =xpected to fall with a (1-<«1 l=val of
confidence is expressed as:

(R,-%,) +- =z_, ©

x/2 T (R,-%5)
= (x—l - )—(-Z) '*'/- Z‘c‘/z iz_ f..l‘i
nl ")Z

(w]
)

3
a
-
3]
t

45 an =2xample, what 1T a process change was mades
Taprication accuracy of panel widths and another samols

o measure tnis impravement? I7 This new samp.= =
oroduced a zampie mean = 0.:463" variance fram design wiztn znc
standard deviation = 0.123", can an improvement i1 mean =cIurac
pe concluded at a 3 % l=2vel of confidence?

~ i L

The %t=2st hvpotheses arz =stablished as:

mull hypothesis :
alternative hvoothesis, h@ : (/A -%L2> > o
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At a desired 99 % level of confidence. & = 1 — ©.%95 = 0.05.
From the table in Figure 6, the z-score defining the rejection
region is z .. = 1.645. Note that this value reflects a one-sided
test since only values of ( X, = X, ) greater than zero will
support the alternative hypothesis. Thus, the rejection region
for the null hypothesis is established as:

z » 1.645
Then from both sanpl es:

initial sanpl e, n, = 847 ~, = 0.049, and 3 = 0.142
second sample, n, = 435, X, = 0.063, and s, = 0.123

Calculating the z-score test statistic:

(c.099 — 0.C63))/ [ Led12d®, _(c.r29)*

N
it

e 435
z = 1.403
Since z = 1.403 is not greater than 2 .y = 1.645 as shown in
Figure 14. the null hypothesis cannot be rejected. Thus, i t
must be stated %*hat thers is no indication at a 25 % lav=al of

confidence that the nean process accuracy of panel w dths has

i mpr oved. It must be noted that in this example, the null hypo-
thesis is not stated to he true -- that the nean of the panel
widths is the sane -- because then Type 11 error would .be risked.

Instead, it is sinplv noted that the null hvpoche.sis nust be
rejected at the confidence |evel desired.

what if the second sample had produced s mean = $5.223° and
standard deviation = 0.125"? The test statistic iscalculated
as:

VAN N\ g 3
R N A N7, £ (€125
(¢ c?7 u-v~i>>/ A *+ Z5

]

2.723

re

Then., in this case, sinc2 the tesit statis
greater than the =z = 1.6435, the rull hvoothes
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the alternative hypothesis accepted at an o« = 0.05 lewvel of
significance. The confidence interval in which ( X, - X, ) can be
expected to fall with a 95 % probability. as shown in Figure 15,
is determned as:

_ _ ,or' FA dzz
(X, - X5) /- Zasz / n_* Nz
, (e.142)%, (0.125)%
= (0,077" 01033) +/- {I'76> 84 ’ 95

C.0 +/~ C.047

or specifically within the range from 0.019" to 0.113".

Ref er ences:

- Rrerican Society for Metals, "Mtals Handbook,”
9th Ed., Vol 8, 1985, p 623-677.

3. Ford Mbtor Conpany, “Continuing Process Control snd
Process Capability Inprovenent,” 1983.

3. McClave, James T. and_D;etrich, Frank H., "Siatistics,
3rd Ed., Dellen Publishing «.,, 1985

4. Snedencor, George W. and Cochran, Wil
"Statistical PMethods," “ih Ed., Iowa
Press, fmes, Id, 1980.
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Fig 3. Panel Width Measurements, Fig. 4. Normal Distribution superimposed
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Fig. 10. 95% Confidence Interval
for X = 0.099" and oy = 0.015"
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