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SUMEARY

This thesis pregsents the results of an investigation of
non«destructive test methods for spotwelds in aluminum alloy
sheetss The purposes of the research were:

(a) to investigate proposed non-destructive test
methods for spotwelds in aluminum alloys,

{b) to determine the feasibilitylof such tests,

(c¢) to develop suiltable methods for practical applie-
cation and

{(d) to test each useful method for rellablility and
accuracy on a large nuumber of industrially made
gpotwelds,

Investigation was made of approximately thirty proposed
non-destructive methods of testing spotwelds, including electric
current conduction tests, eddy current tests, thermal tests,
sonic and vibration tests, material property tests, penetrator
tests,; Xeray btests, and mechmnical proof tests. FPreliminary
tests and analysis of the requirements of a sultable non-dese
tructive test indicated that penetrator, electrical, and Xeray
methods showed the wost promise., Extensive developments of
each of these methods were carried oubt, an? each test method
was tried on groups of several hundreds of industrially made
spotwelds, The reliability and accuracy with which weld size,
strength, and quality were predicted by each test were determined,

It was found that, in terms of reliability and accuracy,



the most promising none-destructive test method is the radio=-
graphic inspection of spotwelds. From 3potweld radiographs made
with the proper technique, it is possible to interpret weld
structure, size, geometry, and strength, as well as to detect
defects such as cracking, porosity, inclusions, expulsion of
metal at the faying plane, extensive segregation of eutectic,
inadequate or excessive nugget penetration, excessively large
heat-affected zones, excessive btip skid, and mis«shapen nuggets.

The most promising non-radiographic tests were found to be
the ring penetrator (mechanical) test and the ring electrode
(electrical) test. The ring penetrator test is sensitive %o
gpotweld nugget size and shape. The ring electrode test is
sensitive to the total bonded area at the faying plane of the
spotweld., Both tests are subject to wide error if the test
probes are not centered accurately over the weld,

On production spotwelds, the penetrator, electrical, and
radiographnic non=destructive tests each measure spotweld statie
shear strength with reliablility and accuracy well above the

requirements of practical industrial spotweld inspection.
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I - INTRODUCTION
This thesis presents the results of an investigation
of nonedestructive test methods for spotwelds in aluminum

alloy sheets,

The purposes of the research were:

To investigate proposed non=destructive test methods
for spotwelds in aluminum alloy sheets, to determine the
feasibility of such tests, to recommend and develop those
methods found suitable for reduction to practical appli-
cation and to test each useful method for reliability and

acecuracy on thousands of industrially made welds.

The need for practical non-destructive tests for spot=
welds in aluminum alloy sheet is recognized in the aire
craft industry, Present industrial process control and
visual inspection procedures are inadequate to guarantee
that all spotwelds made in aluminum alloy sheets for aire
eraft will meet minimum strength requirements. Consequently,
spotwelding of aluminum alloys in aircraft applications
has been limited, for the most part, to secondary or un-
stressed structures, The fabrication advantages of spot=
welding are yet to be realized for a large part of aire
craft construction involving primary or stressed structures

which are crltical in the operation of the aireraft. Until
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adequate process control, monitoring of the welding proe
cess, or reliable non-destructive tests are provided to
guarantee weld quallity, the spotwelding of Qﬁimary aire
craft structures tends to be delayed. Vihen designers
and inspectors are shown undeniable proof that weld quae
1ity is adequate, the spotwelding of primary airecraft
structures may be expected. 4 reliable non-destructive
test for spotwelds would provide this proof of adequate
weld quality.

The applications visualized for practical non-destructe
ive tests for spotwelds 1ﬁclude routine production tests
on some or all welds of certain vital aircraft structures,
and occaslonal check tests on weld quality at any point
in the aircraft fabrication process. For the routine
production tests, the equipment must be capable of rapid
testings for the incidental cheek tests, poritable equip=
ment is desired. For all applications, absolute reliaw~

bility is required.



II -« THE PROBLEH OF NON~DESTRUCTIVE ?ESTiﬁG oF
SPOTWELDS IN ALCLAD ALUMINUR ALLOY SHEETS

‘To indicate the nature and scope of the problem in=
volved in developing nonedestructive tests for spotwelds,
there are now listed:

(a) the requirements of an acceptable test,

{b) spotweld properties and nomenclature,

(¢) factors contributing to weld shear
strength and quality,

(é) weld types to be discriminated, and

(e) quantitative measurements needed to

measure weld quality.

A Regﬁiremants,cf an Aecceptable Mon»Destructive Spotweld

Test

The non-destructive spotweld test must be reliable
and should be practical, fast, efficlent, and economical
both in labor and equipment. It should be suitable for
production testing and for occasional inspection cheecks
on questionable welds at any point in the fabrication
process. It should detect bad welds regardless of their
cause.

To be more specific, the test must be:

1. Reliable == It should discriminate mormal
welds, (static shear strengths 28% to 1257 above



the minimum acceptable strength) from welds with
less than the minimum acceptable strength, with com-
plete reliability. To obtain this reliability, the
method should predict spotweld static shear strength
within plus or minus 20% of actual weld strength, and
more accurately if possible, throughout the range

of strengths from one-half the minimum accepbable
strengths to the highest strength oﬁtained under

normal production conditions in acceptable welds.#

2. Practical ~- It must be such that it can be
used reliably by semieskilled personnel under normal

production conditions,

& A reasonable meximum accuracy to be expected from a
non=destructive spotweld test is that test indicatlons
should measure weld steeoagith <8 closely as nugget dlameter
(which could be observed by destructively sectioning the
weld) correlates with weld strength. Any non«destructive
test which approaches this standard should be considered
successful, for the relation between nugget diameter and
weld strength ls generally recognized as the most signif-
lcant relation between a single weld parameter and the

static shear strength of the weld.
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S Eggg_walﬁeeéuse of the large number of
welds to be tested, a production testing device
should preferably operate in a few seconds and be
capable of being gquickly transferred and positioned
for testing, For this reason, its location with
respect to the weld nugget should preferably not be

too eritical,

4, Immediate in Hesponse -= In production test-

ing, it would be desirable to have an immediate in=
dication of weld strengith, to aveid delay and une
necesary ldentification of gpecific welds under

teste

5., Independent of WQld Location =~ Test results

should not be invalidated by the proximity of other
welds, or of corners, slots or edges in the sheet,

or of large masses of metal,.

6, Independent of Amblent Conditions and of

surface LYonditions of Yelded cheets == 3ince

weld testing may be done on production lines within
buildings or out-of-doors, teat results must not be
affected by temperature, noise, vibration, dirt, hume
idity or other test conditions dependent upon lo=

cation. Sheet surfaces must not require excessive



preparation, nor should surface conditions resulting

from normal production processes invalidate the test.

7. NHon-degtructive =« The weld must not be

damaged by the test, nor should the Alclad layer
be broken nor the sheet or part be distorted by
the tests

In addition, it would be highly desirable (but not
necessary) that the test equipment be portable and that it
require access to only one side of the welded sheets, If
used on fabricated pleces, it would be advantageoué if the
portion of the tester to be brought to the weld were small,
welighing only a few pounds at most, and were easy to move
and set accurately in position. (For production testing
of small parts vefore further assembly, the work might
be brought to a fixed testing machine). Although 95%
of the spotwelds in alrcraft are accessible from both
gsides of the work at gome point in the fabrlcation process,
a testing unit operating from only one side of the sheet
would be very advantageous, provided reliabllity of measure=

ment were not sacrificed to obtain this advantage.

Be Vield Pronerties and Nomeneclabure

Figure 1 shows photomacfographs of both cross~section



CROSS SECTION AND FAYING PLANE OF A TYPICAL SPOTWELD IN 24 ST
ALUMINUM ALLOY, SHOWING SIGNIFICANT REGIONS OF WeLD; (A) PAR-
ENT MATERIAL, (B) ALCLAD LAYER, (C) CAST ALLOY NUGGET, INCLUD—
iNGg (cT) DENDRITIC ZONE AND (CIT) EQuUIAXED ZzONE, (D) CORONA,
(E) ALCLAD INCLUSION, (F) PENETRATION, (G) HEAT AFFECTED ZONE
AND (H) FAYING PLANE. 20X .

FIG. 1
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and faying surface and photomicrographs of significant
regions, of a typical spotweld in Alelad 245T aluminum
alloy sheet. The following ﬁomenclature, which will be

used throughout this thesds, refers to this figure.

1. The parent sheet (A) is the 2437 aluminum

alloy sheet: in the region outside the weld proper
which has not been affected in any manner by the
welding process. This alloy is composed of 4.5%

| copper, 0.6% mangénese, and 1.5% magnesium, with
aluninun and normal impurities making up the balance.
(Ref. #1) Ingots are rolled into sheets which are
subsequently tempered by heating to 920°F in an
alr furnace or in a molten nitrate bath and then
guenched with minimum time delay into cold water.
Aging at room temperature follows. The 2437 (tempw
ered) alloy develops about 41,000 psi. shearing
strength, while 2480 (annealed)} alloy develops only
18,000 psi., The incipient melting temperature of
this 248 alloy is only 936°F, (Ref. #2)

2. The Alclad lgyer (B) is a thin layer (approxi-

mately 5% of the parent sheet thickness) of commer=
cially pdre aluminum bonded to each surface of the
parent sheet. Its prime purpose is to protect the

parent sheet against corrosion. It is important that
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the welding operation should not impair the protect-
ien'provided by this coating. This commertially
pure aluminum develops about 9500 psi. in shear and
hes amelting point of about 1200°F. (Ref. #1 and #3)

3. The weld nugpet (C) is an ellipscidal volume

of metal which has been melted by the &elding current,
possibly being stirred so as to effect a redistri-
bution of its chemical constituents, and which has
then solidified into two distinet zones as a cast
structure. (Ref. #4) The dendritic zone () shows
evidence of very rapid solidifieation, while the
equiaxed zone (C") shows evidence of relatively
slower cooling. The nugget is softer than the parent
sheet and develops only about 18,000 to 22,000 psi.
shear strength. (Ref. #3)

4, The corona region (D) surrounds the weld

nugget at the faying plane, and is that area of the
Alclad coating which has been subject to pressure
and heat during the welding process., The nature

of the coronas may depend upon the surface prepara=
tion of the sheet before welding, and in the corona
region there may be no bonding, partial bonding,

or complete areal bonding depending upon the sheet
condition and the conditions of welding, It is not
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gafe to ascure the bonded srea of corona to be pros
portional to nugget ares, for the purposes of none
dostructive test developments The complete coroma
bonding may develop ss much sa 98500 or 10800 psi.
shwaring strengths (Hefs #3)
1 {£) into the weld nugget

at the faying plane consists of sluninum of the ile
‘¢lad layer whiech has not been alloyed into the nugget.
The extent of &lelad inclusion ig guite variable,
and tends to be greater with thick alclad layers,

and in low energy welds with thin nugrets. IExcessive
Alelad inclusion weakens s weld in shear loading,
sinee 1t déorenses the effective nugeet ares at the
faying plane. It is possible to develop & nugget

in both sheets, yet have 100) slelad inclusions

(Refs #8) In this cese, the weld nugget contributes
nothing whatever to the weld strengbh.

6. 'The pencteation (F) of the weld nugget inte

the parent sheet mesgures the portion of the sheetb
thickness ocoupled by the weld nugpet. Penetrations
of RS to B0F of the sheet thiokness are usually ocone
sldered acceptable, {(lef. §8) Nxcessive penetration
(805 to 100%) ususlly indicates n brittle, cracked,
or porous weld, and it is undesiraeble both because of
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lack of duetility in the weld, and because the cracks
may spread to the surface breaking the alclad layer
and permitting corrosions Inadequate penetration
(below 20%) is frequently accompahied by excessive
Alelad inclusion and inconsistency in strength. In
the normal range (20% to 80%), penetration seems

to have little or no effect on weld strength,.

7. The heat affected zone (G) is that region
of the parent metal surrounding the weld ﬂugget whose
rroperties hawe been changed as a result of exposure
to elevated temperatures, <The shear and tensile
strengths of the 248T alloy are reduced in this re=
giones Structural changes, such as incipient melting
of the materlal and intrusion of eutectic along grain
boundaries, occur in this zone., (Hef. #6) Very
large welds tend to "pull a button" when they fail
under shear loading, the fallure possibly occuriing
in part through this heat affected zone. (Ref.#7)
Vieaker welds, which faii by shearing the nugget through
the faying plane are not greatly affected by this
zone insofar as the shear load required for failure
is concerned.

8+ The faying plane (H) is the plane of join-
ing between the weldéd sheets. Bonding between the
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two sheets in this plane gives the weld its strength.

Cs Pactors Contributing to Weld Shear Strength and Quality

Sportwelds are seldom designed to be loaded in ten=
gion, The spotweld is much stronger under shear loading
and is normally designed to carry (supposedly) static shear
loadss The most commonly used measurement of weld strength
is the static shear strength of a single spot lap joint.
(Ref+#56) It is this static shear strength which must be
predicted reliably by non-destructive tests, to obtain their
general acceptance. If static shear strength cannot be
predicted rellably, the nonedestructive test method must
be considered a failure, regardless of how well it measures
other weld properties.

Unfortunately, static shear strength alone is not a

good measure of spotweld quality., Weak welds without any
nugeet bonding whatever at the faying surface may pass
minimum acceptable static shear strength requirements by
virtue of Alclad bonding; yet these welds might fail in
service. Very large welds with oversized, cracked, brittle
nuggets and insufficient ductillity may show very high
static shear strengths, yet contribute to early fatigue
fgilure and rapid corrosion. A4An ideal non~destructive test
ought to distinguish between these defects, but to do so

without excessive complication in test equipment or interw
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pretation usually results in less reliable predliction of
static shear strength, Likewise, welds with nugget pene-
trations of 50 Lo 80% of the thickness of the parent sheet
are much more reliably detected by certain nonedestructive
tests than welds with 20 to 50% penetration. However, %o
increase or further restrict the standards of acceptable
apotwelding, merely to make possible the use of a non-desg=
tructive test method, is out of the question in practiecal
industrial spotwelding applications,

The single spotweld parameter which by itself correlates
most reliably with static shear strength is the weld nuggeb

diameter at the faying plane. More preeisely, it 1s the
net area of cast alloy‘(total nagget area leas the area

of the 4Alelad inclusion) at the faying plane which deter-
mines weld strength, With excessive #4lelsd inclusions,
measurenent of the overall nugget dlameter can be mige
leading to the extent of 100% error in predicting weld
strengths, With normal Alelad inclusions, the nugget
diameter measures weld static shear strength with an error
of plus or minus 10% to plus or minus 20% of actual weld
strength (See Fig. 41) For welds without excessive Alclad
inclusions or corona bonding, which fail by shearing the
nugget through the faying plane, the correlation is quite
reliable, For stronger welds which fail by "pulling &
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button", the correlation is less reliable, but in all such
cases ﬁhﬁ weld strength is less than would be expected for
failure by shearing through the nugget at the faying plane.
The second parameter, in addition to the net area
of cast alloy at the faying plane, which contributes sige-

nificantly to spotweld shear strength, is the effective area

of Alelad or corona bonding et the faying plane. In cases
where the cladding 1s fully bonded between the sheots near
the weld, there oceurs a strength contribution per unitvarea
of bonded cladding, equal to approximately half the unit
strength of the cast alloy. In weak welds, the area of
bonded cladding may easily exceed the cast alloy area in

the ratio of & or 4 to 1. 1In these cases the bonded clad--
dingeontributes & major portlon of the statlic shear strength
of the welds. This add&d‘strangth would be evident in the
static shear pull test, yet could not be relied upon for

the life of a welded structure, as the Alelad bond is of
gquestionable nature.

It is difficult to meamsure the net area of 4Alclad
bonding, not including the area of mugget bonding, in a
non=destructive test. However, if reliable independent
measurements can be made of the total bonded area and of

the net nugget area at the faying plane, thelr differencs
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measures the area of bonded cladding., Adding the strength
contributions of both nugget and Alclad bonding makes posw
gsible the prediction of smpotweld strength with an error
of less than plus or minus 5% to plus or minus 15% of actual
weld strengths. (See Section IV D)

Qther geometric parameters of the spotweld have_little

influence upon weld strength, under normal conditions.
Penetration, in the acceptable range of 20% to 80% of the
sheeﬁ thickness, has no significant influence, although

welds of low penetration seem to show increased unit strength
in the nugget because of the strength contrlbutions of pro-
portionately larger areas of Alclad bonding. (Compare with
conclusions of Reference 8) Nugget volume and shape are
significant only as they affect the cast alloy area at the
faying planes

Cracking and porosity within the weld nugget have
negligible effect upon static shear strength, except insofar
~as they affect the bonded area at the faying plane. Cracks
to the sheet surface greatly increase corroslon. Cracks also
probably contribute to fatigue fallures inspotwelded struct-

Ures.=

* The extent of this efifect probably depends critically

upon the geometry of the crack. Small spherical cavities

and similar porous conditions might have negligible effect
upon fatigue strength.
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The influence of the different types of metallurgical

structure on the characteristics of gpotwelds 1s not known
at present but it is probably of much less importance than
factors such as size, shape, soundness, and freedom from
eracking. (Ref./6) Our measurements have shown no relia=-
ble direct correlation between any metallurgical property
and weld strength, except insofar as nugget geometry has
been measured by structural properties.

D Weld Types to be Discriminated

‘The task of developing non-destructive tests for spote
velds is frequently gilven by production welding groups to
research groups or outside organizations whose familiarity
with production welding conditions is limlted. All too
frequently, these research workers have a falsely simplie
fied concept of the nature, geometry, and structure of spot-
welds, on which to base their non-destructive test devels=
opments., It must therefore be recognized that the size,
shape, and bonding, particularly of weak welds, are exw
ceedingly variable. B8tatic shear tests alone tell very
1little about weld geometry, size, and quality, Hany
anomolous conditions exist, which tend to invalidate non=
destructive test methods,

To ald in evaluating developments of non~destructive
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spotweld tests, a cladsification chart is now given show=

ing the faying surface and a section through the nugget

yfor several typical spotwelds made under industrial w&ld-
ing conditions. These welds were made on energy storage
welders of both the magnetic and condenser types, which tend
to produce simllar weld atructures. No BeB, welds are
included, but similar results can be obtained with a.c.
welders under certain conditions,. |

For simplicity, the classification chart beging with
very low energy welds, and progresses to larger and stronger
welds made with increasing energy. In this menner the
slgnificance of the various weld regiong in contributing
to weld strength can be easily determined,

These welds were made on industriasl spotwelding machines
with all preparation and welding conditions normal, except
energy settlng ory, in a few cases, forge pressure delay time.
Thus, the net heat developsd in the weld was used as the
chief variable in producing these weld types. The bad welds
were purposefully made weak for use in developing non«des-
tructive spotweld tests. (See Table I)

Iype A telds = 4lclad Bonding Only With No Nugget Formati on.

Weld A-l¥-w-rvepresents the lowest energy setting

FewSpocimen welds sShown are all made in 040" 2497 hLiclad

sheets., All are shown at 10X magnification,



TYPE A WELDS - = ALCLAD
BONDING WITHOUT NUGGET FORMATION

A-1

STRENGTH BELOW
5O POUNDS

A~ 3
STRENGTH 215
POUNDS

FIG. 2
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of the welding maéhine producing observable bonding
at the faying surface. A small region of the Alclad
layers has been heated and subjected to pressure,
producing a weak bond possibly due to plastic de-
formation and keying at the faying surface. This
weld fell apart upon handling. The bonded points
are good conductors of heat and electricity across
the faying surface between the sheets; the surround=-
ing fa&ing surface is a very poer conductor as a
result of the presence of a thin layer of aluminum
oxide, which acts as an insulator. No significant
changes have occurred in the parent metal, and no
nugget formation has occurred,

VWeld A=2 =« was made under the conditions of
- Weld A«l, but more extensive bonding has occurred
at the faying plane. ‘he #4lclad layer has bonded
over a slightly larger area. +he static shear strength
was 100 pounds, This bond, because of increased
area, shows less overall resistance to the flow of
heat and electric current across the faying plane
than the bond of weld A=l.

Weld A=3 ~« made with increased energy shows
a still larger area of Alclad bonding, and developed
a static shear strength of 215 pounds., The resise

tance of this bond to the flow of elect®ic current
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and heat is still less than that of VWeld a-2, because
of the increased bonding area.

All the welds of Type A, frequently called
"stuck" welds, involve only Alelad or corona bond-
ing without any nugget development whatever, and
ghould be classified as worthless. This type of
bonding results only under a locally ldeal condition
of surface preparation, such as wire brushing or
careful etching. A fingerprint or the use of other
methods of surface preparation may result in abe
soluetely no bonding under the same conditions of
welding. Welds of this type have been frequently
observed with much larger areas of Aleclad bonding,
which develop more than the Army minimum acceptable
gtatic shear strengths, The weld shear strength
is directly proportional to the net area of true
bonding, and the unit shear strength is near 10,000
psi.

Type B Welds = Elementary Nugpget Formation
Weld B~l =~ shows the effect of a different

method of surface cleaning upon the bond at the
faying surface, Sufficient welding energy to pro=-
vide an elementary nugget in both sheets has been

supplied, yet almost no bonding whatever has occurred



TYPE B WELDS — - ELEMENTARY NUGGET FORMATION
WITH OR WITHOUT ALCLAD BONDING

B =]

STRENGTH BELOW
50
POUNDS

B =2

STRENGTH 360
POUNDS

st TR A

STRENGTH H80
POUNDS

FlG. %
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STRENGTH 340

POUNDS

FIG. 3
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save on the periphery of the heated area. This
"weld" fell apart upon handlings

Weld B=2 «« represents a slightly higher weld
energy than the welds of Type 43 with very slemente
ary tendencles toward nugget formation. Nearly
100% of the bonded area consists of Alclad bonding
with an almost negligible area of cast alloy or
nugget bonding., 7This weld falled at a shear load
of 360 pounds, the increase in strength over weld
A=3 resulting chiefly from the increased area of
bonding.

ligld B»3 =« represents a further increase in
weld energy, producing a "erescent" or "doughnut"
shaped nugget development. Some of the Alelad
layer has been melted and alloyed with the nuggeﬁ
material, permitting the cast alloy of the nugget
itself to form a direct bond over a small ring‘shaped
area, This weld developed 580 pounds in statie
shear test, most of the gain in strength over weld
B2 resulting not from a change in the area of bond-

ing, but rather from a change in the type of bond=

ing-=-from Alclad bonding to cast alloy bonding in
vthe nugget area., The cast alloy bond usually dew=
velops about 20,000 psi. unit shear strength, approxe
imately twice that characteristic of ého Alelad bond.

Thitg this weld would not be discriminated from weld
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B2 by non~destructive tests involving only the

messurement of the total area of bonding at the
faying surface.

Held Bed =« made with still greatab energys
developed a flat nugget of larger glze, but seems
to lack Alelaed bonding entirely. Ité strength of
480 pounds is consequently lower than might be exe-
pecteds Thig fallure of corona bonding may have
resulted from local surface contamination of the
faying plane, as by s fingerprint. Thus neither
the relative size of nugget nor the relative bonded
area of this weld can measure its strength reliably
in comparison with preceding welds. Nounsdestructive
- tests based only on measurement of the conducting
area abt the faying plane would classify this weld
as near to weld A=2, which has about 50% of its area,
yet only 21% of its strength, and so the tests would
be 100% in ervor. Tests based on nugget size alone
would classify it as stronger than weld B=3, and
would probably be 40 to 50% in error.

Weld Be5 ~= developed a flat nugget comparable
to that of weld B«4, but the total bonded area cover=
ed only half the usual circular area, and contained

only a small area of cast alloy bonding. Consequently,
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this weld is weaker strength (540 pound) than
welds Be=2 and Be=3.

All the welds of Type ©, frequently called
“doughnut” or "crescent” welds, involve small re=-
glons of cast alloy or nugget development with or
without extensive Alelad bonding depending upon
conditions:of surface preparetion., The cast alloy
bond develops about twice the unit shear strength
of the complete Alclad bond., Hence weld strength
is not measured reliably by the total area of bond=
ing at the faying surface, Usually the strength
varies widely between successive welds made under
these welding conditions, so that all these welds
are undesirable because of lack of consisbency,
even though a group of these welds may pass the
minimum acceptable shear strength requirement.

Incidentally, the changes in weld energy in
this group of welds were obtalned with constant
energy (current relay) setting of the Sciaky welder
by advancing by varying amounts of btime the applie
cation of forging pressurs.

Iype C Welds -~ Small Diameter lNugcets Vith Normal

Alelad Inclusions and Low Penetration.

teld C=l == has a small nugget of normal shape



TYPE C WELDS - — SMALL DI!AMETER
NUGGETS WITH NORMAL ALCLAD
INCLUSIONS AND LOW PENETRATION

L= 1

STRENGTH 200
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STRENGTH 380
POUNDS

FIG. 4
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and a reasonable amount of A4lelad inclusion, typical
‘of welds made with higher energy than the type B
welds, but with insufficient energy to produce full
size nuggets. Little Alelad bonding oeccurred on this
weld. The weld strength is only 200 pounds., The
penetration is low, amounting to about 30% of the
sheet thickness.

Weld Ce2 we was made with greater energy than
weld Cel and has somewhat larger diameter and about
55% penetration. The atrength is 380 pounds, The
nature of the corona bond on this weld is questione
ables

Type C welds result under otherwise normal
welding conditions when weld energy is slightly
low for the production of normal size welds, If the
corona bond happens to be extensive the welds develop
normal statie shear strength. However, if corona
bonding is absent, the weld strength is low, In=
consistency of strengths results, particularly if
surface preparation and cleaning of the sheet were
inadequatee.

Type D Velds « Normal Diameter_ﬂuggets}with Normal

Penetration

Weld Dwl =~ ig a weld of normal diasmeter, pene-~

tration, and shape. Its strength was 725 pounds,



TYPE D WELDS - — NORMAL DIAMETER
NUGGETS WITH NORMAL PENETRATION

D=1
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STRENGTH 580
POUNDS

FiG. B
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It has an adequate area of cast alloy bonding at
the faying surface, to which corona bonding adds
further strength. The Alclad ineclusion is not exw
cessive. The weld is "sound" i.e. it is free of
cracks and porosity. The penetration is not exw
cessive, since the heat affected zone does not ex-
tend to the surface of the 24ST alloy. This is the
preferred type of weld., Its maximum strength has
been realized because it failed by shearing through
the nugget at the faying plane,

Weld D-~2~«is a weld of normal penetration and
shape, with slightly larger diameter than weld D=l.
It failed by "pulling a button", with partial shear-
ing of the nugget, and so developed only 580 pounds
shear strength.

The welds of Type D consisteitly develop acw
ceptable static shear strength; and are characterized
by normal dliameter; well shaped nuggets of reason=
able penetration. The welds are usually sound and
free from defects (ecracks,; porosity, and lack of
fusion),

LType B telds - Oversized HNuggets with Excesgsive

Penetration, Cracks, Porosity, or Spitting,

Weld E~l~~has a nugget of normal diameter with

excessive penetration into one sheet, and a tendency
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toward cracking in the nugget. Sheet efficiency

may be impaired by the éxcessive penetration, and

fatigue strength might be lowered through Iurther

growth of the cracks. Should the cracks extend theme
selves to the sheet surface, eprrosion would further
impair the weld quality. Strength was 700 pounds,

no greater than that of a normal penetration weld

with the same nugget dlamebter.

Weld LeRe=gshows excessive cracking in a weld

of nearly normal nugget dlamebter and penetration,

This results from inadequate electrode pressure

during welding~~in this particular case the appli=

cation of forging pressure was purposefully delayed
to obtain this result. The fatigue and corrosion
resistant properties of the weld may be impaired.

Strength was 590 pounds,

Nugget eracks usually lie in planes normal to the sheet
surface, and radiate spoke-like from the center of the
nugget. Current and heat flow through the bonded area
normal to the faying surface are not appreciably affected
by such cracks, Xerays, or eddy current flow parallel
to the plane of the sheet will detect this type of cracking.

Weld E=~3«=has a large diameter nugget with exe
ceasive penetration into one sheet. Cracking is fre-

quently present in such oversize welds, particularly



25
where inadequate tip pressure has been used. Further
increase in nugget slze offeré‘littla advanbtage, for
possible increase 1ln statlic shear strength is offset
by reductions in fatigue strength; sheet efficlency,
ductility and corrosion resistance, when excessive
penetration and cracking result. |

Wield Bedeshas an abnormally large nugget with
excesslve penetration and eracks extending to the
sheet suriace. It developed a stﬁtie shear strength
of 1385 pounds, but the crack wbuld serve as a focal
point for corroéian or fatiguéxféilureﬁ

lield Esbewexhibits "spitting" at the faying
surface, a condition which is usuallj accompanied
by porosity and reduced strength (640 pounds).

Welds of Type E may occasionally develop greater static
shear strength than normal welds, but this gain is offset
by a decrease in strength consistency, and a probability of

excessive penetration and cracking,
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III - PROPOSED METHODS FOR THE NON~-DESTRUCTIVE TESTING OF
SPOTWELDS IN ALCTAD ALUMINUM ALLOY SHEETS

At the time this research was begun, several methods for
the nQnadeatxuctive testing of spotwelds in aluminum alloye had
been proposed. Bach of these methods invelved an attempt to
neasure the total area of bonding at the faying plane, through
the flow of direct curzent, alternating or eddy currxent, heat,
vibration or sound waves across the faying plane at the bond,

Ho reliable test of this type had been developed by previous
reseaxche

Also, radiographic methods of inspecting spotwelds had been
developed to show great promise. (Ref. #4, 6, 8, 9 & 10) The
rad;cgzaphing of epotwelds, however, seemed unattractive to aixe
craft manufacturers because of the cost, time delay and skill
required in testing, as well as the possibility of misinterpreta=
tion of the radiographs or misuse of the method. The practicability
of the method had not been proven for industrial production inspece
tione It had not been shown that weld strength could be dgtermined
from radliographs.

Test methodes investigated in thile research are now listed and
jescribed. Wethods proposed and developed independently at
salifornia Institute of Yechnology are indicated with a (g) sign.
dethods proposed elsewhere are indicated by a superscript letter.
seneral infoxmaetion on the method is included where it may prove

isefuls These methods includes
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(a) Visual Inspection of Spotwelds

{b) Blectric Current (Conduction) Teste
(¢) Bddy Current (Induction) Tests

{(d) Thermal (Heat Flow) 'fests

(e) Sonic and Vibration Tests

{(f) Sheet Surface Condition Tests

{g) Impressor ox Penetrator Tests

(k) Meéh&nical Proof Tests

(i) Radiographic Tests

Ao Visual Inspection of Spotwelds

Quality control of gpotwelds in the alrcraft industry
is obtained at present byt (Ref. #5)
1. Careful process control
¢ Qualification testing of machines
3¢ Percentage destructive testing
4, Strength consistency tests
5¢ Weld metal structure teste, and
6. Visual inepection of welded parts and structures

Visual ins pection is the only non-destructive test which has
received general acceptance in the industry.

A skilled inspector, familiar with the conditiones of
preparation and welding, and the characteristics of particular
machines in a given plant, can obtain a grezt amount of "informaw
tion concerning weld quality by viesual inspection of the finished
parte. Parts showing excessive indentations of the sheets by the
welder electrodes are, of course, rejected for surfaces exposed to

the air streams
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The presence of spite ox fiashea, ox evidence of excessive
tip pickeup, often indicates bad welding conditions. Welds with
cracis extending to the sheet surface are easily observed, and
cannot be accepted because these cracks serve ac focal pointe forx
gorrosion. Hvidences of excessive sheet ceparation indicate vad
welding conditiong, with possible expulsion of metal from the weld
zone and resultant cracks or porositye. Certain surface conditions
can be correlated with ductility or, conversely, with bxittleness
in the weld, Under controlled conditions of welding, nugget slize,
weld energy, and timing of forge pressure ean be correclated with
3u£face indentation of the sheet. Good Jjudgment on the part of
the inspector is required as surface conditi ons do not provide
omplete information as to weld guality.

Jo Hlectric Current Conducti.on Tests

Indiqgﬁions obtained in electric current conduction tectis

iepenc upon the measurement of resistance in the weld regions
‘hey depend in particular upon the geometry of the conducting

ath, and upon the gpecific resistivity of volumes and surface

eglions in that pathe Due to the very low resistance of aluminum
lloys, even with a current path limited to the weld region (to
btain sensitivity to weld conditions), largé curreate (10 to

20 amperes) are usually reguired., Sensitive pickup unite with
ow internal resistance, designed to respond to 5 fo 130 micro=
olts, are needed, Only a small portion of the total enexrgy input

o the weld region is available to actuate the indicating insirument
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in the pickup system. The relaiively large effecis of contact

resistances and thermal electrumotive forxces must be reduced in
the measuring circuitss

It is difficult to detect variations in the specific resis-
tivity in the various metallurgical regions of the spotweld, from
the outer surface of the sheet., Despite the fact that 245T has
approximately twice the resistivity of 280, and about 167% of the
resistivity of 2450, the usual weld nugget has little resistivity
effect upon electrical measurements from the outer surface of the
sheet, There are no boundaxry regions of very high resistance
between the nugget and the parent metal, For welds of normal orx
low penetration, the overlying layer of parent metal tends to mask
emall changes in resistivity within theinugget. |

As an ezample of this condition, a rectangular priem coa=
taining half a weld nugget was cut from an .064" 2457 Alclad
sheet containing typical spotweldes, The sides of the prism were
machined smooth and parallel, resulting in a block 064" x .020% x
1% containing half the weld nugget, ae shown in Fige. 7, Direct
current was passed through the styip from end to end. YThe poten=
tial distribution was measured by means of a potentiometer easgily
adjusted to 1/2% of the total voltage drxop in the piece, through
the uge of a sharpened aluminum alloy probe and a dividing engine,
The potential distribution was found to be that shown in Fig. 7
for measurements on the side of the block which had been the faying
plane. No significant discontinuities exist, INeasurementis on the
opposite side of the block showed a lineax potential distyibution.
Similar profiles in which the difference in voltage between two

probes 04" apart was measured as the probe asseubly was wmoved
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along the piece also showed no resistance discontinuitiess In the
absence of pores and cracks, therefore, it ies obviously very

difiicult to use specific volume resistivity measurements from the
outer sq;faee of the”welded sheets to measure weld sige or quality.

it is feasible to detect variation in the total conducting

area of the bond between the sheets at the faying plane of a
spotwelds This may be done by using direet current flowing ‘
across the faying plane (pnormal to the sheet surface) at the bond.
Several direct current tests of this type have been proposed.
Direet current flowing in the plane of the sheet does not meagure
the area of bonding, unless a sizeable normal component of flow

through the bond can be established, (see Figs 8)

Advantages of direct current methods lie in their simplicity

and their immediate responses

Disadvantages of direct current test methods lie in the

difficulties of establishing satisfactory probe systems without
excessive contact resistance ox thermal electromotive foxces, as
well as in the small energy available in the pickup system,

i1, Iwo Bide Direct Current Test® #

In this test, a large direct currxent is passed from
a current electrode (I) in contact with the sheet surface
above the spotweld through the weld normal t¢ the faying
piane to & similar current electrode in contact with the
sheet surface below the epotwelds (See Fig. 9) Potential
probes (P) in contact with the outer sheet surfaces and

connected to a low resistance galvanometer, measure the
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potential drop through the weld, This test measurss the
total bonded nrea at the faying plane of the weld., For
welde with small aress of bonding, the lines of current
flow are crowded together at the faying plane and produce
a relatively nigher potential drop than for welds with a
large area of bonding. ( Pigse 10 & 11) Higher potential
readings thus tend to indicate smaller, and presumably

weakexY, welds.

Precautions to be observed in making this test are:

ls The guxrent electrodes muet be fixed relative

to one anothexr and be vexry carefully centered above the
actual weld. (Ineidentally, the weld may not be centered
under the impression of the tip of the welder electrodes)
A displacement of the current electrode 1/16" from the
uptimum point with respect to the weld may introduce a 120%
change in potential indication. (See Fig. 10) Hach area of
the current electrode must make the same degree of contact,
and carry the same proportion of the total current, on
sugccessive measuremente, in spite of variations in the geomeilzry
of the indentation of thé gheet surface by the welding tips,
2. ‘the potential probes must be very carefully and
permanently located with respect to the current electrodess
A displacement of 1/64% produece a large error in potential
indication. Centering the potential probe symmetrically with
respeect to the current eleatrodes, so as to measure only the

voltage drop due to curxrent flow noxmal %o the sheet surface,
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has been shown to give optimum sensitivity.

3. The potential probe should have a sharp tip

of a hardened alloy, capable of punctuxring the oxide

film on the surface of the alﬁminum sheet without requiring
the application of excessive pressure or penetrating a
variable distance into the sheet. Low, constant contact
resistance must be obtained. PFurthermore, the potential
proves must be made of an alloy which develops only a vexry
small thermal emfs when in contact with aluminum. This is
necessary vecause the potential drop across the weld amounts
to only a few microvolte (0 to 50) in oxdinary welds, for
total currente large enough to heat the weld region appreci=-
ablye

4y The applied pressure and total test current should

not be large enough to cause further fusing of Alclad af
the faying surface, as this naturally introduces erroneous
~ test indications. |

5+ Cleaning the sheet surfaces above the weld with

gsteel wool and acetone tends to improve test consistency.

Inherent erroxs in this test method, presant even when

test equipment is coxrectly designed, accurately built,
and properly used, arecs
le An error in predicting weld strength amounting

to as much as 100% of actual weld strength, resulting
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from the inability of this test to diseriminate the
relative areas of Alclad and nugget bonding at the
faying plane. Both types of bonding have low registance
in comparison with the unbonded oxide coated areas of
the faying plane, and both types of bonding sexrve egually
well as electrical ly conducting areas in this test.

2s¢ An erxrxox of as wmuch as 100% in potential indica-
tion, resulting from displacenments of the electrode assembly
by 1/34%" or more from concentricity with the bonded area at
the faying planes 3ince there is no indication on the
outer sheet surface of the exact location of the bond at
the faying plane, save the indentation caused by the weldey
tips, this error cannot be remedied except by profiling the
weld region to obtain a minimum indication. Resulte of
typical profile elegtrical tesis on welds are given in
Figse. 10 & 1l.

3« An error of variable magnitude resulting from
variations in the ghape of the conducting area at the
faying planes, A long narrow bonded area might develop
the same shear strength as a circular bonded area of
equal magnitude, but test indications would vary.

4, An error of variable magnitude resulting from
the presence of asdjacent welds or rivets neax the weld
unier test. A portion of the teeting current is shunted

through these adjacent bonded areas, lowering the test
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indications Similar large errors in indication may

xresult when "spits® or expulsion of metal oceur and

bond the faying surface neaxr the weld under tests.

Improvements in this test method were obtained by

following the listed precasutions, and, in additions

ls By modifying the originally proposed 3 Qoinﬁ
current electrode assemblies to use 4 to 6 points ()
or areas of contact arranged in a circle, or a ceyline
drical surface. This eliminated errors occuring on
welds of type B=3 or B-4, when chance alone determined
whethexr only one, or two of the current elegctrodes in
the 5 electrode assembly lay over the bonded half of
the weld.

2« By selecting the diameter of the circular
current electrode slightly larger than the bonded area
of the normal weld, optimum sensitivity to wsld axea was
obtained, with winimum shunting of current through adjacent
welds,

3¢ By applying a measured pressure (#) to the
current electrodes which were accurately aligned in the
form of a circle of spherical contacts or a c¢ylindrical
contact, variation in depth of penetration of the current
electrodes into the sheet, and errors in alignument, were

g;eatly reduceds.

Advantages of the two side direci current test include:
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(a) ite simplicity, (b) its great sensitivity to weld
presence (indications increase by a factor of 80i1 as the
electrode assembly is moved off a weld to a point half way
between two welds one inch apart), {(¢) ite effectiveness in
measuring the area of contact regardless of type of bbnding
present (the extent of Aleclad bonding is very difficult to
measure by other methods )

Disadvantages of the two«sgide direct current test
includes (a) its inability to measure strength due to the
weld nugget separately from the effect of Alclad corona bondings
(b) its inherent erroxs, (¢) the fact that it requires access
to both sides of the weld, (d) the large testing currents
required, (e) the small energy available in the potential

circuits

Descxiption of test equipment and detailed results

of two-gside direct current tests on a large number of ine
dustrially made spotwelds are given in Sections V ané VII,

respectively.

2¢ QOne-gSide Direct Current TegtP

In this test, a direct currentis passed between
two current electrodes (I) both of wiich are in contact
with the same outer sheet surface above the spotwelds The
potential drop between two probes (b) placed on the center
line of the current electrodes, also in contact with the

same outer surface of the sheet is measured by a potentioe
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meter or low resistance glavanometer (See Fig. 12)s In.
the weld regieﬂ, some of the current tends to flo& down
below the faying plane through the bonded area, reducing
the current density in the upper sheet above the weld.
fhus the potential gradient is lowered ghbove a spotweld
with a laxrge area of bonding, and lower potential indie

gations resulte

Zrecautions identical with those listed for the

two-gide test must be observed with this methods

inherent exrors identical with those listed for the
two~side test exist with this test methods In addition,
the one=-side test is very much less sensitive to the
presence of a weld (let alone its size) than the two-
side test. Whereas the two-side test indication changes
by a factor of 80:1 as the test assembly is moved fronm
a location 1/2%" from the weld to a point over the weld,
the one~side test changes its indication less than 20%
wita a simil&f maovement of the assewmbly. Since only a
gimall fraction of the total curxent flows velow the faying
plane at the weld, the percentage change in indication
between small welds and large welds is lesz than 10%, under
optimum test conditions involving only one weld in a 1V

wide shear test strips See Fige 13 for typical results of
of tests made on 29 spotwelds in one inch one spot lap Jjoint
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test strips of 064" 243T Alclad shects In large sheets
containing meny welds, the change in indication becomes
exceedingly small and very difficult to detecti~~experiments
on industrially made welds showed this change to be entirely
masked by the inverse effect of the indentation of the sheet
by the welder electrodes ( See Pige 1l4)s The limits of
sensitivity of this method, determined by calcuiation&, and
checked by potential measurements in a large scale salt-water
model of the conductor in the weld region, are very low.s 1In
practice, it is difficult to realize even a fraction of the

theoretical limit of sensitivity.

Improvements in this test method were obtained by
following the listed precmutions, and in addition by
modifying the electrode assembly to form a Wheatstone
bridge circuit with the weld under one leg of the bridge.
(See ¥.g. 15)s The direcet current passes through the sheet
from electrode Iy to electrode Igs The weld, if adequately
bonded, lowers the resistance of one leg of the bridges A
potential appears between P] and Pg due only to the efiect
of the weld in unbalancing the current distribution. A fax
greater percentage change in indication with change in weld
size is obtained than with the unwodified one-side tests

This test also discriminated welds with large £onded area
from welds with small bonded arxea in single spotweld 17
test strips, but suffered great loss of sensitivity when

applied to large sheets with many welds,
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The advantage of the one~side test lies in the fact
that access is required to only one side of the welded
structures Although 90% to 95% of all spotwelds in
aixcraft structures are accesaible from both sides at
gsome point in the fabrication process, this test would

make possible the teeting of welds even on closed structures.

The diead#antages of the one-gside test lie in its
inherent errors and in its very low sensitivity. Only
small deflections can be obtained, even with lang;?riad,
high sensitivity galveaucmetexrs in the potential cirxcuits
Tegst ihdications are affected me much by sheet indentation
as by the presence of weld bonding. No piactical reliable

form of this test has been developed as yet.

3, Iap Joint Diregt Current Test (#)

In this test a direct current is passed through the
weld between two current electrodes, one of which is in
contaot with the top surface of the upper sheet direoctly
above the weld, while the other is in contact with the
top suxface of the lower sheet adjacent to the weld. (See
Fige 16)s The major part of the curreant thus passes normally
tarough the faying surface of the weld under investigation.
The potential probes are located at the centers of the
gylindrical current electrodes, in one form of the test
acsembly. Variations in the area of bonding at the weld

introduce variations in the potential drop near the faying
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surface which tend to intraduce varistions in the total
drop between the potential probes. Higher potential drops
should occour with weak welds of small bonded areas

Precautions to be observed in making this test include

those listed for the two side d.os test, except that the
current electrode in contact with the lower sheet must be

in a fixed position with respect to the weld; as cldse

as poseible to the welds This éleétrode should contaet only
the lowexr sheet,

Inherent errors, similar to those listed for the two

side éac. test, exist for this method. In addition, much
laxrger errorg, due to exten&ed path of current flow along
thevlower sheet, result from variations in geometry of
stxuéture, edge effecgts, adjacent welds, and amount of
averlap in.the lap joint,

The disadvantage of this test, which makes it woxrth-
‘ lesg, is its very low sensitivity. The maximum possible
variations in the fatal potential which could result from
varying the geometry of bonding at the faying surface of the
weld are only 5. %o 10% of the total potential drop, This
ié not nearly a sufficient degree of sensitivity. Uncone
trollable variaiions due to other factors are of the same
order of magnitudes In genexal, the variations at the
faying suriace are compl&taly mas ked , and thae fést iz of
no values.

Fig. 17 shows the gensitivity of the assembly to
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the presence of a welde The assembly was moved lengthe-

wise over the surface of the weld, andé readings taken
every 1/16%. Coumparison of this curve with Figs. 10 &
11 for the two side test shows clearly how much less
sensitive this assembly is to the presence of a weld,
In the two-sided test, the ratio of potential measure=-
ment halfway between ﬁelds to potentisl measurement
directly over the weld is about S0 to 1; whereas in

thiz case the ratio iz only about 1.5 to 1.

4, One #lectrode 'Dixect Current Test (£)

In this test, current passes into the weld region
from one electrode (frequently a ring contact), and is
collected from the spotwelded structure at remote pointe,
TWO'yotential probes (P) are radially displaced within
the current electrode (I)e. (See Fige 13). Over the
center of a uniform sheet, vexry lit¥le poteniial diiference
appears aczosa the potential probes when cuxrent flows
away from the current electrode symmetrically thaxough
the sheet. If cuxrent flows into the lower sheet oif a
Jjoint through & weld undéx the electrode assembly, a
larger differencg of potvential appears beitween the radially
displaced potential probes. The potential distxibution
in the weld region is similar to that obtained with heat
floﬁ from & source in contact with the sheet surrace.

The variability of the return current path makes this



test less reliable than even the lap joint direct curxrent

teste

S« élte;naging Curzent Conduction Tests {2)

Fagh of the typés of tést described for direct
current might conceivably be used with alternating
current, pxovided inductive pickup could be eliminated
from the opotential probes and leads, and provided a
zuitable detector for & to 50 microvolts asce can be
supplieds A.Cs galvanometers are tdo insensitive forx
uce as potential indicators, so vamum tube amplifiers
with stable calibrations are usuvally indicated. A.d.ce
galvanometer uesed with a suitable copper oxide rectifierx
of very low resisgtance can also be applied, for larger
potential drops,

In addition to the precautions listed. for direct

current testes, especial care must be used to avoid
inductive pickup in the patenfial probes and leads. The
registance drop of potential across the weld is sd

small that the inductive pickup in unshielded potential
leads would be several hundred times larger., Hven though
thie induced voltage be 99% cancelled by a reverse
inductive voltage purposely introduced in the potential
circuit, a large exror in indication would remain. This
difficulty nullifies other apparent advantages in thé

use of al{ernating currente

41
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Inherent erroxs, identical with those listed for

corresponding dece tests, exist with alternating current

gonduction tests.

Advantages of alternating current over direct

current in conduction tests lis in the simplicity of
higli current power supply transformers and the possibility
of instentaneous indications.

Disgdvantages due to inductive pickup and lack of

pengitive @.c. patential indicatore have been cited.

' Co Hddy Current = (Induction) Tests

Several types of eddy current tests have been proposed.
In these tests, alternating magnetic fields are established
in the region of the weld, resulting in a flow of alternating
electric current through closed pathe within the welded
shects, Since the resistivity differences of the various
regions of sound welds are too small to sexrve effectively
for discrimination of weld quality, eddy current tesis,
like conduction tests, must measure the area of bonding at
the faying plane to predict weld gtrength. This can be
achieved ohly by a flow of current normal to the faying sur-
fage at fhe bond.

But in thin conducting sheets it is very difficult teo
establish a significant component of current flow normal
to the sheet surface. A variety of induction assemblies

have been tried, some even using massive blocks of good
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conductor to force the magunetic field down into the sheet,
with no success whatever in establishing a significant amount
of current flow normal to the faying surface at the bond.
Detection devices producing eddy currents flowing predomin-
ately in planes parallel to the sheet surfacees have not been
able to differentiate between good and bad spotwelds, (See'
Pigs 19).

HBddy cuxrent test devices respond sensitively to sheet
surface geometry, weld cracking, and porosity. (Ref. #l1).
They are applicable in detecting these conditions which may
correlate with the fatigue strength of the weld, but which do
not measure static shear strength. Ho eddy current device
proposed and known to the author measures static shear strength

effectively.

Advantsges of eddy current test methods are: (1) access
is requized to only onme side of the welded sheet, (2) nu
electrical contact with the sheet surfaces is required, (3)
ins tantaneous indications axe possible, (4) depth sensitivity

may be adjusted by choice of frequencys

Disadvantages of eddy current test methods ares (L)

difficulty is encountered in establishing current flow
normal to the bonded area at the faying surface, (2) probe
agssemblies pick up very little energy;i(B) ecracks, poroeity

and sheet indentation tend to affect indications
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far more'tggg does the ares of bonding at the faying
plane, (4) edge effects an& adjacent welds affect indica=
tions, and (5) even if eddy current flow could be estab-
lished nurmal to the faying plane at the weld bond, no
digcrimination between cast alloy bonding and Alclad
bonding (with only half the strength of the former)

could be obtained.

l. Transformeyr Loading Induction Test (#)

The simplest eddy current induction test unit cone
sists of a coil carrying alternating current placed abové
the conducting sheet so as to produce eddy currents which
sct ag o secondary transformer load on the coils Using
cores of powdered iron in wax moulded about small coils,

a highly sensitive system of measuring sheet thickness,
surface indentation, and resistance to the flow of eddy
currents flowing in planes parallel to the sheet surface
has been obtained. Ho pickup coils ox amplifiers are used;
instead the coil ang a sultable condenser are made parts of
a sexies resonant arm of an a.c. bridge, the flow of eddy
currentes in the sheet being reflected in the coil by ine
creased primary coil current., (See Fig. 20). The change
in inducteance due to the secondary currents detunes the

resonant circuit, and for a coil Q* as low as 20, a 300%

* == { is the ratio of stored enexrgy to dissipated energy in
the coil, and is given by Q = WL/R, where W = 2 TT times the

frequency, 1 ies the inductance, and R is the effective resis-
tance of the coil.



456

change in voltage across the condenser occurs when

the unit is lifted from the surface of the conducting
sheets A 2% change in the thickness of an ,080%" sheet
can be readily detected, without the bridge circuit, by
measuring changes in voltage across the condensex with a
vacuum tube voltmeter (1% changes are observable with
the bridge circuit assembly).

The location of the eddy current path in the con-
ducting sheet can be controlled by the use of a concentri§
pole sssembly which can be easily formed to any desired
tshape (using the powdered iron in wax)e A few oI the moxe
ugetul configurations are shown in Fige. 21. The depth
of pgnatration of the eddy currents may be decrecased by
increasing thé applied frequency. A guick check on
eddy current penetration may be obtained by bringing a
maseive block of conductor into contact with the sheet
surface opposite the coil, and ovsexrving the highest
frequency at which it affects the indications

Wo axrrangement of pole pieces has yet been devised
to force sizeable componente of the eddy currents to
flow normal t0 the sheet surface at the welds The {low
of eddy currents in small eircular paths in the plane
of the sheets has proven very effective in detecting
weld cracking and porosity. Such weld eracks are usually
radlal oracks, normal to the sheet surface, extending out-

ward from the center of the weld nugget, and so lie
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directly across the path of the circular currente, (Sece
Figee 6 & 20) The indication measures the overall extent
of cracking and porosity, without measuxring the geometry
of individuai Crackss

This device is also sensitive to the air gap between
the pole pieces and the sheet surfaces, Thus it responds
to indentation of the sheet by the clegtrodes of the
welder, and actually has appeared to discriminate between
good and bad welds through {the measurement of the increased
indentation which tends to accompany larger weld nuggets,

Precautions to be observed in using the transformer

eddy current assembly are: (1) frequency must be selected
to obtain eddy current penetration adequate fox senaitivity
to weld properties, (2) the air gap between pole pisces

and sheet surface must be maintained constant, (3) core
rections must be wmade for changes in sheet thickness,
matexial, and tempex, aﬁd {(4) it must be recognized that
curr.nt flow is predominately in the plane of the sheet

and that the test does not measure ctatic shear strength

of spotwelds, since ite indications are independent of

the bond between the gheetse

Inherent erroxs in this test method are (1) its ine
ability to discriminate among porosity oxr small cracks,

cexrtain larger erack defects, and local changes in the
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registivity of the material.

Improvements in this test method wexre obtained by
using low loss powdered iron in a nighly iasulating wax,
and operating at the highest freqguency consistent with
adequate penetration of eddy currents into the sheet
unéexr test.™ A high coil "G" was thus obtained, xesulting
in & sharp, high resonant peak in the low resistance circuit.
By operating on the steep slope of the resonanse curve (see
Fige 22) maximum sensitivity to sheet resistivity conditions
is obtained. By including the coil or capacity in one leg
of an s.c. bridge, the indicator may be set to zero when the
¢oil is in porition above normal sound sheet wmaterial, and
vary ite indication only when the coil is over cracks and
unsound sheet materials By ueing concentric poles, the eddy
current path may be confined to a narrow ring, eliminating

effects of adjacent edges, holes, and welde not under test,

Advantages of this test method are: (1) Acéess is
required to only oune side of tune suneet, (2) no sheet
preparation or cleaning is required, and no electrical
contacts are wmade with the sheet, (3) measurements wmay

be made through paint or insulating coatings without

* = Frequencies of 3,000 to 30,000 cycles were found useful
with sheet thicknesses varying from 181" to (016%. Example:
for 064" sheet, i® 34 millihenries, C®,0025 uf, f=17,000

gave a change from 24 to 100 volts across condenser when coil

azssenbly was lifted off sheet,
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damage oOx punctﬁra, (4) no probes or low enexgy indie

cating ci;euit& are used -« hence no difficulties due to
contact resgistance, thermal emfs., inductive pilekup, high
gain amplifiexrs or sensitive meters are encountered, (5) wide
flexibility, due to choice of freguency, geometry of pole
assembly, and shnarpness of tuning, can be obtained in
applications, (6) the eddy current pattern is ideal for

the detection of radial cracks in spotwelds, and (7) the
device serves effectively as & thickness or alloy detectoxr

for conducting sheets,

Disadvantages of this test method are: (1) only eddy

currentes {lowing in planes parallel to¢ the sheet surface

can be established readily, so bonding at the faying

surface is not measured, (thus spotweld static shear strength
cannot ve measured); (2) variations in the air gap between
pole pieces and sheet gsurface have & large eifect upon indicaw~
tions; (3) indentations and variations in sheet thickness
afiect indications; (4) the exact geometry of cracks and

porous defects csnnotl be determineds

A modification of the simple transfoxmer loading
tezt makes possible the induction of eddy curreunts which
flow normally through the weld bond at the faying surface, if

a return path can be provideds An exciting coil with concentric
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cores is designed to it over the lap joint, as shown in
Fige Bd, Freguency is adjusted so that eddy currents arxe
not induced in significant amounts ata depth greatexr than
one sheet thickness., If the exciting coil is placed on the
lap joint between two spotwelds, the eddy currents flowing
beneath the turns of thetexciting coil (wetween the innerx
and outer magnetic poles) tend to follow a path through

the upper sheet, down through one weld to the lower sheet,
and return through the second weld. OSmall bonded areas at
the welds tend to introduce resistance into the eddy curxrent
path, while with no conducting bond at the welds, a very high
registance is introduced, These conditions are reflected

in the resonant primary circuit and indicated by a vacuum

tube voltmetex.

Inhexent erxrors in this test method make it

pragtically worthless for spotweld inspections., These .
errors include (1) all thé inherent erros listed for the
two side direct current tests (2) large errors due to

edge effects, holes, rivete, and the irregular spacing
between adjacent spotwelds; (3) an erxoi due to variations
in overlap and in the distance of the weld from the lap
edge of the sheet; (4) errors regulting from effects of
welds in the return path (at'leagk two welds affect each
indication). The location of the spotwelds with respect
to the lap joint hés a greater effect upon indications

than does weld size or quality.
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3. Pickup Coil Hddy Current Testasd

In these testis, eddy currents are induced in the
sheets undexr test by currents in exciting coils, and
variations in the eddy cuxrent pattern are detected by
sensitive plckup coile connected through high gain
amplifiers to suitable indicators. (Ref. #12) 1In
many designs, tﬂé pickup coils measure only the departure
of the eddy curreunt pattern from the pattern in a unifoim

sheet. Several typical pickup units axe shown in ¥Fig. gg.

Pickup Unit A% has an exciting coil and conceatric
poles similar to those described for the transformer
induction test. In addition, however, a sensitive umage
netic pickup system is symmetrically located within
the center leg of the core. The two poles of the pickup
are slightly dieplaced from each other. The pickup coil
ie shielded from the magnetic field of the exciting éoil.
With the normal cirgulax flow of eddy currents established
in esound continuous conducting sheet by the exciting coil,
no megnetic flux variations occur in the core of the pickup
coil, When the coil is placed over a crack or diccontinuity,
however, the modified eddy current pattern produces an alter-

nating magnetic field through the pickup coil. (See Fig, 25)

Pickup Unit B® was specifically designed in the Naval

Reseaxchn Iaboratory for use in testing spotwelds, with the

hope that a sizeable component of eddy current flow might be
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Ross GuNN, N. R. L. (ReF. # 12.)
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establieshed across the faying surface into the lower sheet
at the weld, producing an unbalance current in the pickups
The frame on whioch the coile are wound is made of irans-
formexr laminations. The magnetic field of the exciting coils
ig additive so that the outer pole faces are of opposite
magnetic polarity. An exciting frequency of 1000 cycles was
used. Analysis of eddy current patterns shows that if the
weld 1s cracked or porous, or if eddy currents do flow below
the faying plane through the weld bond a pickup due to
unbalence should result if the weld is unsymmetrically lo=
cated with xeépect to the center pole on which the pickup
coil is located. Scanning ie required to obtain maximum
inforuation concerning a weld,

Naval Research Laboratory tests of this unit indicated:

(1) This eddy current method is not satisfactory
for the detection of the guality of fuslon between
the two welded sheets.
(2) The effect of porosity or cracks on the

detector was such as to overshadow all other effects,

This makes poseible the detection of cracks oi POT =

osity with little difficulty.

Tests at tﬁe California Institute of Technology on
similar units confirm these results.

A pickup gg;tf designed at.the Lockheed Alrxcraft

Corporation for use in testing spotwelds employed large
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blocks of copper conductor to force the magnetic field of
the exciting coils inte the welded sheet., Despite several
modifications, the difficulty in eatabliéhing a sufficient
eddy current flow normal to the faying plane at the weld
prevented cuccessful measurement of the area of fusion at
the weld.

In generxal, research has shown the pickup coil eddy
currcnt tests to be subject to the limitations and inherent
errors previously listed for éddy current tests. No success=-
ful method has beeun devised for measuring the bonded area at

the faying plane through the use of eddy currente,

D¢ Thermal Test iMethods

Thermal test methods involve the flow of heat through the
jeld region and the measurement of resultant temperatures or
jemperature gradients, The presence of the weld modifies the
ieat flow pattern in an unwelded sheet:

1, geometrically, since heat tends to flow
normally scrose the faying plane through the weld to

the opposite sheet and so possibly measures weld

nugget diameter; and

2. through its variable heat conductivity (if
differences in conductivity do exist in various regions
of the weld) and the presence oi cracks and porosity.

Heat capacity of the region under test affects the

trangient temperature responee only.
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Advantages-~Heat flow methods are readily adaptable to
one~side testing, as well as to two-side testing. ©No return

paths are necessary. Heat flow may measure total weld diameter

at faying surface,

Disadvantages~-Due to heat capacity effects, het flow

me thods cannot be instantaneous and usually are slow tests.
Ambient temperatuxre, surface thermal contact resistance, size

of parts welded, original temperature of work, presence of

sxacks, nature of heating and method of temperature measurementgw-
2ll change resultant temperatures and tend to invalidate readingse.
Thermocouples to measure temperature have swmall energy output,
;ive slow readings and require sensitive indicatoxss Although
1eat flow indications recspond to weld cracking and porosity, they
lo not differentiate sufficiently between the cast alloy nugget
md the parent metal to wmeasure nugget geometrys. Also, heat flow
ests fall to differentiate between cast alloy bonding and Alclad

onding at the faying surface, so the static shear strength of

elde ies not accurately measured,

1. Heat Reservoix Thermal Tests®

A copper heat reservoir (similar to a massive
soldering iron) with two contact lugs carrying imbedded
thermocouples (See Fig. 26) is heated to a temperatuxe
gonsiderably above that of the weld to be tested. One

lug is placed in contact with the sheet surface above
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Fi. 26. HEAT RESERVO!R THERMAL TEST OF THE BONDED AREA AT THE
FAYING PLANE OF THE SPQTIELD.

A.POWER SUPPLY
B.INDUCTION COIL
C.HEATED ZONE
D,F. THERMOCOUPLE

EG. GALVANOMETER
W. WELD

Fi1G. 27. INDUCTION HEATING THERMAL TEST OF THE BONDED AREA AT
THE FAYING PLANE OF THE SPOTWELD. :
A. HEAT FLOWS ACROSS FAYING PLANE AT WELD.
B. LITTLE HEAT FLOWS ACROSS FAYING PLANE WHERE NO
BOND EXIXTS.




the weld, and heat flows into the weld region by cone
ductions I a weld is present, heat flows through the
vonded arxea of the faying plane to the lowex sheet, and

the fotal zate of hest flow from the reservoir is

greater than when the weld is absent, for in the latter

case only the upper sheet conducts heat away from the
resexvoir, The drop in temperature recorded by the
thermocouple imbedded in the lug in contact with the
sheet is a measure of the rate of heat flow from the
resexvoly to the sheet., The thermocouple imbedded in
the second lug through which no heat flows meamsures the
temperature of the reservoir. A sensitive gaslvanometerx
i¢ employed to measure the differential output of the

thermocoupysless

Precautiong to be observed in making this test are:

ls The heat source lug must be accurately located

54

above the weld, and must make contact with the same sheet

ares on each weld tested. (Variation in the shape of the

electrode indentation makes this vexry difficult in
practice)s

2. The sheets to be tested should not vaxry widely

in temperature, and should preferably be at ambient tem-

perature,

3¢ The ambient air muet be still--a slight draft



changes indications far more than the presence of a weld,

Inherent Frrorxe in this test method, identical with those

listed for the two side direct cuxrrent test, exist,

1« In addition, a very large errox results from
variations in the thermal contact resistance at the
shest surfabe where heat is being introduced, due both
to changes in contact area and to surface filmes of
variable nature.

2+ Changes in ambient temperature or air veloecity,
and in material temperature, affect ind ications greatly.

b+ Progressive heating of the work as successive
welds are tested changes indications, even on identical
welds.

4s The presence of adjacent welds, rivets, edges,:
magses of metal, holes in the sheet, "spit" or expulsion
of metal from the weld region--all result in erroneous

indications.

Iumprovements on this test method were obtained by

following the listed precautions, by insulating the
heat resexvoir and lugs from the ambient air; by clean=-
ing the sheets and lugs and removing oxide before each
test, by holding the unit on the sheet surface under
controlled pressure a fixed period of time, and by
working in a small closed room with work at room teme

perature, This latter item required a delay between weld

measurements, the time being used for cooling and cleaning

the sheetl over the next weld with acetone.

58
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Advantasges of the heat resexvoir thermal test are:
(a) access is required to only one side of the work
(b) the heater and temperature indicator may be in &
single unit requiring only one application (¢) noc marking

of or damage to welds resulise

Disadvantages of this test includes (a) its ine

herent exxors (b) its sensitivity to ambient aixr conditions
(¢) the difficulty of obtaining uniform thermal contact .
with the sheet surface and (d) its inability to measure

weld static shear strengthe

2. Induction Heating Testss(#)

In these tests heat is supplied rapidly to a small
area of the Alclad sheet directly above the weld, at a
meagsured rate or in fixed amount, by modified industrial
induction suxface hardening equipment. The frequency is
chosen sufficiently high to limit the penetration of the
heat-producing eddy curxents to a thin layer at the sheet
gurface. Thue thermal contact resistance between heat
source and sheet are eliminated as variables, and the
rate and amount of heat production are controlled. ‘hen
a large area of weld bonding is present a large fraction
of the generated heat flows normally across the faying
plane into the lower sheet, With no weld bonding, all
the heat must flow away in the upper sheet, (See Fig. 27).

Thus the heat flow is sensitive to the area of bonding.
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For one side testing, the temperature indicator
must lie under the induction heater on the same surface
of the worke-hence must not be affected by the high frew-
guency fields Only a carefully shielded thermocouple
would be suitables However, by closing the thermocouple
circuit to its indicating galvenometer only after the
high frequency field is turned off, the cooling transient
of the sheet surface may be recorded, provided the gal-
vanometer responds with sufficient rapidity. Some
success has been attained by the use of a thin layer
of wam? or thermoplastic in the sheet surface, by
obgexving the diameter of the softened melted area
which xesulis when the controlled quantity of heat is
generated above the weld.

¥or two side testing, the indicator is placed on
the side of the woxrk opposite the weld, where it is not
affected by the high irequency field. In this case,
the hest which reaches the temperature indicator must
flow through the weld at the faying plane, The entire
heating and cooling transient foxr the controlled heat
generation cycle can be observed, with great sensitivity
to the size of the bonded area. Both thermocouple and

wax film indicators have pxoven to be effective.

¥ weguitable calibrated wax temperature indicators axe
commercially available from the Tempil coxpofation in the

form of Tempiletiks, Tempil Pellet: and Tempilag.



The moet convenient foxm of thermocouple indioatox
developed for thie puxpoce coneists of w low thermal |
capaelity thermooouple supported againet the shest surface
by a gmall rubber suction oups The inner surface of
- the eup i coated with a hesit yeflecting suriace thermally
insulated frow the rubbex, snd the sustion cup exeludes
tae ambient alie-hence, despite sheet surface condition,
the thermecouple folloes the cheet temperatuxe closelys
The seound Junctivn is eimilsyly sttached to the sheet
at & remote point, 80 that only temperature differences
due to the heating of the vweld region arxe nmeasured, Both
jungtiama are guiekly and eaelly atiached to any peint of
the sheet surface by means of the suction cupe, and wnay
be pulled off snd wmoved at wills

The laborxatory wax {ilm indicatox consiste of a
tain layer of parawex or thermoplastio matexisl placed
o the sheet surfece. Vhen 2ool and bard, & dryy eulored
powder or dye is agzinkleé over the waXe, When heat
generated in the opposite shest at the weld flows thyough
the weld in suificient quantity, the wax above the bLonded
aresa melts, ang in thie zegion the powder becomes lmbeddeds
A complete Jjoiant may be tveted at one time, and & perw
manent record obiained by subsequently placing m strip
af Zootoh tape over the iine of weldss The tape pleks
up the powder over all arese except wherxe the wex has
pilted and imvedded the powdere For practical use

“Pempilaq” way be used as & tewperature indicator. lLarge
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welds, small welds, and no bond whatever are re=adily
discriminated from one another by the extent of

melting of the wax,

Precautions to be obgerved in using the induction test
ares

1, The induction heating unit must be accurately
located above the welds The temperature indicator must
be equally accurately located, sz the temperatuzre gradiént
in the plane of the sheet is quite large.

2+ The rate and ambunt of heat generation must be
precisely controlled by synchronous oxr electronic timing
units, if bonded arxea is fto be determined accurately
from temperature indications.

Se¢ Ambient alx should be guiescent. No condensed
moisture should be present on the structure., All parts

of ﬁhe joint should be approximstely at room temperature.

Inhexrent erroys in this tegt method are similar to those

listed for the heat reservoir test, save that erxors

due to contact resistance are eliminated.

Advantages of the induction heating method axes

(a) the test may be made with access to either one or
botn surfaces of the‘wark (b) the method measures total
bonded =rxea reliably, and permanent records can be easily
produced (¢) contact therxmal resistances are eliminated as

variables,
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Disadvantages are (a) Finite heating times (a few

seconds) are required (b) Careful positioning and control
of ambient conditions is necessary (c) Spotweld shear
strength is not messured reliably. (d) Adjacent welds,

edges, holes, and masses of metal introduce large errors.

3. Radiant Heating Tests s (#)

In these thermal tests, heat is supplied to the
surface of the welded sheet by radiation, as from & cone
centrated heat lamp and focussing systems The sheet f
surface mus § be cleaned or painted to obtain uniform
heat absorbtion over the test areas Thermocouples may
be used on the one side test if shielded from direct
radiationy, without internal heating effects present with
induction heating methods. . The method is slow, and is
subject to the previously listed exrors of thermal tests.
Tém@erature indications axe obtained as in the induction
heating test, when the indicator is on the opposite side

of the weld from the ryadliant heat source.

4¢ Contact Drop Heating Test(g)

One condition has been found in which eleetric
current flowing from pointed electrodes into Alclad
sheet produces a contact drop of potential approximately
constant at about 0.2 volts for curzents from 20 to 90

amperes d.c., releasing considerable heat at the point of

contact, <Lhis is equivalent.to a point source of
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heat, and the rate of temperature vise per watt of energy
input would be affected by weld presence. This method is
especially suitable for use with wax temperature indica=
tors, either in one or two side test, although therno=

couples wmay be used,

5. Differential HeatiqgvTests(g)

In methods 2, & and 4, effects of weld presence
could be increased, and tae efiects of variable ambient
conditions reduced by the heating of two areas, one
over the weld and one not over the weld, uncvexr identical
conditionsg, and measuring the differential temperature
of the two regions by a thermocouple syems Because
of the duplication of heating equipment required, this

modification has not been investigated in this reseaxch.

e Sonic and Vibration Testss

Sonic and vibration tests are usually of three basic
orms: measuremeniz of vibration dawping; measurements of
ave reflections; measurements of the natural frequencies of
scillations. Hach type has been proposed foxr the non-destructlive

esting of spotwelds in aluminum alloy sheets.

Sonic and vibxation teste, by their very nature, are more
asily applied to pieces of fixec,slze and shape, to detect
aterial properties and defects, than to siructures of irregular

ad variable shape. Spotwelded structures offer a less promising
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field of application because of their complex shapes, which
affect test indications considerably. Hence, care wmust be taken
to avoid the development of test procedures which cannot be
reduced to practical forms applicable to spotweldss

ls Vibxation Damping Testss

One form of vibration or demping test propoused fox ”
spotweld testing employes a dyiver to establish oscile
lations of adjustable frequency in the weld region and
a detectoxr to measure the resultant amplitudes For sonic
and lower frequencies, a coupled electromagnetic-mechanical
transducer (similar to the driving units of loud epeakers)
is eumployed as dxiver, while for supersonic frequencies,
magneto-struction or guartzherystal generators arxe uaed;#
Power ies supplied from variable freqguency oscillatore to
these dyiving units. Detectore for measuring the resultant
vibration asmplitude usually consist of a piezo=eleciric
picuup or other microphonic device, connected through
suitable vacuum tube smplifiers to indicating instruments
(Bee Pig. 28).

The damping can be determined foxr a system of any
shape, provided it can vibrates In one method of measure=
ment, constant energy is supplied the driverx at varying
frequency, to cbtain in the detector a resonance curve

(2ee Fige 29) showing the amplitude of vibration as frequency

# == Yagnetostriction generators are useful from about 8,000 to
50,000 eycles, and quartz crystal generators are usaful at

higher freguencies,
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is varied through oneqbf the natural frequencies of the
systems Theory indicates that the mechanical damplng of
resonance curves can be readily determined from thelr
breadthe. If f represents the breadth of the resonance
curve at half the maximum amplitude, then the damping ©
is given by

S = 1.814 59—5%

res

where the resonant frequency fres and the frequency .
difference of the half amplitude points, f£% , are
measured in cycles or vibrations per second,.

A second method of measuring damping reqﬁires that
oselllations be established, then be allowed to die out
by disconnecting the driver. If the amplitude of succes=-
sive vibrations are observed by the use of a cathode ray
oscillograph or equivalent; the damping may be determined

as
An

% ool 133 '&ﬂ*l

where Ap and Ap _ i are two consecutive amplitudes of the
free vibration. VWhere the frequency is too high or too
small to make possible this measurement, the damping may
be determined from the time required for the amplitude of
the resonant osecillation to fall to one half its originel
value, by the relation

63
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tais time €%, or even the product t fpog, way be
determined directly by the use of electron tube indie-
catore, even with very high frequency oscillations. (Ref.
#13) e

In bars of fixed geometry, faultes of any kind in
the mate;%%; gombine to raise the damping, so that cavie
ties, cigégs'and porosity are easily determined., In
spotwelds, la;ge d¢ifferences of geometry may exist, in
addition to possible cracks orxr poroeity, and cast and
wrought alloy, as well &8 pure aluminum cladding, are
present simultaneously. The soft nugget material tends
to increase damping, and a change in nugget volume could
not be differentiated in tests from the introductionoof -
cracking, Preliminaxry tests showed damping indications
to depend upon too wmany weld properties to sexve as a ree
liable indicator of spotweld properties, Further develop=-
ment of the method was poestponed while simpler test methods

were exploited,

2¢ Wave Reflection s (i)

It has been proposed that the area of bonding of
spotwelde might be messured by supersonic wavee, which
would reflect from the faying surface of unbonded regions,
but would pase through the faying surface at the weld bonde.

For one side test methods, the presence of bonding might



be detected through (a) the frequency at which standing
waves (half wave resonance) could be established between

the oscillator and reflecting surface, or (b) the time
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required for a wave train to pass from the sender to the

reflecting =urface and return. (See Fig. 30).

A Tine development of supersonic testing equipment
has been carried out by Professor ¥, A. Firestone of
the University of iichigan. His equipment produces

thxee wave typese=longitudinal, shear, and suxface==-

and provides suitable detection and recording equipment,

" Using his Supexzonic Reflectoscopey, Professor Firestone
has distinguished & spot which is welded from one whigh
ie not bonded as follows (quoted from a letter from
Professor Pirestone)s
A wave train of longitudinal waves iz sent
in at the upper face of the weld. The weld as«
sembly is sc thin that the first mflection from
the other side of it cannot be distinguished but
the waves reverberate back and forth through the
thickness of the weld assembly while the total
distance of their travel back and forth may be
geveral inches. Their successive impingement on
the crystal generates a voltage which can be
observed on the rxeflectoscope screen several

inches after the sending out of the wave train.



“Iif, now, one holde his o¢ily finger againet the
bottom face of the weld, these successive reflectw
ione will be damped out, thereby proving that the
waves are rally psssing through to the bottom
face and that there is, therefore, a wecld.

If thexe is no weld, a gimilar series of
succesgive reflections is observed, but upon
touching the oily fingexr to the bottom f&aé;
of the weld there ie no change in the asppear=
ance of the reflectogram, thereby proving that
the waves are not entering the lower plate.

- Thus far, the method is not quantitative, but
merely all oxr nones

One can imagine improvements in the method
ae the result of resesarch which would improve
its usefulness. The above-mentioned tests were
made with be-megacyele longitudinal waves, but
we have produced a8 high as 20 megacycles and
we have also produced shear waves which travel
half as faet as longitudinal waves so that this
represents a factor of 8 reduction in wave lengthe
With these shoxrter wave lengths, it might be pose
sible to actually explore over the surface of the
weld and thereby determine«the actual welded areasts

Thie would be particularly feasible on the heavier

66
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gages where the weld is comparatively large.

One can imagine sending comparatively powere
ful continuous waves thrxoughthe weld and have the
back side coated with something like paraffin
which would be melted in those areas where the
wave energy was being received and would thereby
outline the welded areas

We have used longitudinal or sheaxr waves fox
the accurate measurement of the thickness of a
sheet when one gide is inaccessible using the
general method of establishing a half-wave reson=
ance through‘the thickness of the plate and then
determining the freguency. This method might be
applied to weld testing since, if there is no weld
under the ares being tested, the thickness thuse
indicated would be approximately that of one sheet,
while if the weld exists the thickness is approxie
mately that of two sheetss

We can also produce surface waves which run
over the suxface of a metal part in much the same
way that water waves travels OSurface waves could.
be sent along the lower face of the upper plate
and reflection obtained from the closest point in

the weld, even though that might be in the cladding."

Present indications are that detection of the area of
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bonding of a ﬁ@&twaxﬂ,aﬁ the faying surface might thue
be feasible by superesonic testing, but the abillty of
gsupersonic tests Lo diseriminate between cast alloy bonding
and 4lelad bonding bag not yet been demonstrated. Likewlse,
there would probably be some Gifficulty in detecting weld

pugget geometry by wave reflection methods. lence, for the
inspestion of spotwelds, ﬁu@amaanaﬁ reflection test ine
dications seem to be limited to meusurements of the total
bonded area st the faying surfuces, +he twoeside electriosl
tost makes this wmeamsurement with simple testing eyuipment,
and since this measurement alon iz not a rellable indlicew
tion of apotweld strength, no elaborate development of
supersonic test equipment has Leen included in this ree
aeaﬁﬁh PrOgreasy

Se

Hagget Ceciliation Tesbss
dapganing an ideal howogeneous weld wugget of flabe
bened spheroldel shupe, enclosed within a

howogenocug
mass of harder, tempered purent metal with physical
properties different from those of the weld mugpet, the
freguency of nsbural oseillebions of the weld nugget may
be caleulateds It has been proposed to excibte such
magpet oscilliations by means of guarts ofystal coupled
to the sheot surface, as by an vil drop, and after é
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fixed excitation period, to use the same cxystal as a
detector ts obsegve the damping of the free oscillations
Correlations between natural freqguengy and nuggetl size,
and between dampiné and duetility, clacking and porosity
have been predicted,

This test has not seemed sufficiently feasible %o
Justify development. Weld nuggets are of very irregularx
shape and have internal inhomogeneities and defects,

“Weld nugget volume does not measure weld strength precisely.
The difference between nugget and parent metal properties

is not sufficient to provide an effective discontinuity to
the flow of vibration energy. The natural freguency of
nugget ocscillations would be extremely high. Effectes of

ad jacent material and sheet geamqtry might affect test
indications excesgively. Simplei test methode offexr more

promises

4, Ultra Sonic Wave Pattern Tests (#)

This test diffexs from those previously outlined
in the methed of application of the'epergy source and
in the method of pickup. A moderately high ultrasonic
frequency hag been used (about 1,000,000 vibrations pex
gecond) to obtain high resolving power by the sound
wavess, The sound is transmitted from an ultrasonic

genexator to the sheet surface below a spotweld by an



70

anvil and the vibrations {travel through the weld to the
upper sheet surface, If oil or other liquids are placed
thereon, radial circles centexred over the weld will be
obsexrved. Thege are standing wave patterns the cone
figurations of which may indicate the bonded area of the
welds By the substitution of a material such as col-
lodion for the indicating oil, a pexrmanent recoxd of

the weld has been obtained. The results so far obtained
on this test are not conclusive but the method shows
promise and éhauld regeive further consideration and

invegtigation.

Advantages - The weld geometry can probably be
determined from this test, through the analysis of
the wave~patterns produced., Obviously if little ox
no mechanical coupling exists between the upper and
the lowexr sheets at the weldy bonding at the faying
plane is lacking and resulting patterns differ from

those denoting satisfactory bonding conditions.

Disadvantages of this test method ares (1) The

eguipment necegsary for the test is rather elabor-
ate, and includes an oscillator capable of supplying
about 1 K.¥, of radio-frequency power to the ultrasoniec

generator, which in turn has auxillaxry equipment necesg-
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sary for continuous operation. This auxillary equipment

is somewhat compensated foxr by the stable and xeliasble
operation secureds (2) Training is required for one
unskilled in this method of testing to reliably interpret
patterns in terms of weld guality. (3) Erxors may result
from possible dispersion effectes and variation in treatment
and/or compogitbn of material to be examined. (4) The
coupling anvil should be properly centered on the bottom
indentation to secure uniform mechanical coupling, and

anvil contours should fit those of the weld indentation;

P« Sheet Surface and Material Property Tests

It has been suggested that spotweld properties might
e correlated with conditions ueasured at or neax the sheet
iurface above the weld. Properties included are: sheet
surface indentation by weldexr electrodes,measurement of
iurface marks or condition, thickness of Alclad layer, tough~
w88, ductility, elasticity, impact resistance, scratch oz
;eax resistance, and metaliurgical structure at various depths
‘rom the sheet surface at the weld.

l. Helder Hlegtrode Indentation Tests(ﬁ)

Indentation of the surface of the Alclad sheetl
by the welder electrode is a function of electrode
size and shape, weld current and temperature transients,
pressure program, and sheet progerties, With reasonable

gcontrol of current wave shape and electrode tip contour,
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and precise control of timing and amplitude of the tip
pressuxe, the sheet indentation will correlate well

nith weld nugget sizes The luarger the volume of melted
alloy, the greater the indentation caused by the tips,
provided the pressure program ie precisely controlled
and sufficient hold down pressure is exerted to prevent
expulsion of metal at the faying plane.

The sheet indentation may most easily be measured
through the use of a sensitive dial gauge graduated in
«Q001L% units, provided with a suitable collar to rest obn
the sueet surface just outside the indentation. Hddy cur=
rent or electrical capacitance gauges may be emplayed, and

provided with permanent regoxd devices if desired.

Inherent erxrxoxys in this test method result from nore

wal production conditions, to an extent sufficient to in-
validate the test, ILarge changes in electrode shape and
contour produce correspondingly large changes in indentation,
although the effect of repeated tip cleaning in a few
hours rum on the set of tips is not extensives Changes in '
tip preasuré, or in forge pressure time delay, change ine
dentation greatly. The ease with which tip pressure and
contour may be changed in production welding would prevent
this test from attaining reliability.

As control of welding conditions improves, tip shape

and pressure program will be moxre precisely controlled, in



+@vI12IV 1ShZ wOhQ® NI SAQ13M ANVIOS

ThT NO S1S31 NOILVLIN3IAON! 40 S1InS3Yy °(Q
g73M 39Y¥V7 ¥3IA0 NOILVLN3IANT 39¥V7] *D
013M TIYWS H3A0 NOILVLIN3ANT 1IVAS °§g
¥VI1I00 HLIM 39VNo wIQ °V

"H1ON3YLS ANV
3Z1S GI3MLO0dS 40 L1S3L L3I3IHS 030713IM 40 NOILVLN3ONI 300440373 °T¢ "914

(,I00) 300410313 N¥addn A8 NOILVLNIJINI

4v110

380¥d

SNOISIAIG 1000
39NV9 1vId v
AAILISN3S

§L 0L 69 09 S O¥v Ge O¢

*S1SIX3 ONOS
ON 3¥3IHM 3INVId ONIAV3 WO¥d L03743Y¥ S3IAVM (9)

*3INVId DNIAVS LV SATIM HONOY¥HL SSVd S3IAVM (V)
*$07135104dS

40 V3YY G3ANNOS 40 1S3L NOILD3743Y¥ 3IAVM °0% °914

00l

00¢Z
(o]0}
00b

00¢
009
004
008

006
000l

MY

SLINN dn ¥D1d
——onv 328n05—"

SANNOd-38N1IVd4 ¥Vv3IHS ¥04 QvOol



which case the validity of the tip indentation test
will improve, (See Figure 31 for results of indentation

measurements on industrially made welds)s

2. Sheet Suxface Frojerty Tests:

No measuremente of ghyaical properties of the ehaet}
gurface layers have gshown any correlation with weld size
or gualitys Marking or thickness of the Alclad layer
have no significance whatever, The structure and meiale
lurgical properties of the 2437 alloy are very little af-
fected except in the weld nugget and narrow adjacent r e-
giong where incipient melting along grain boundaxies and
intrusion of eutectic oceur. Only wmeasurements of pro-
pexties in and adjacent to the weld nugget correlate with
weld strength and quality. Superficial surface tests
neasure nothing significant except when the weld nuggets

penetrate to the sheet surface (excessive penetration).

Ge Imprepsor or Penetrator Testss

In these tests & loaded penetrator or group of penetrators
is forced into the welded sheet above and/or below the spotweld

to such a distance thatl properties and extent of the softened

cast alloy of the weld nugget, rather than of the teupered parent

netal, deterwine the depth of penetration, Any other type of

penetrator or hardness test has little significance. It hes been
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found that the tempered parent metal is reasonably homogeneous
sxeept in a narrow zone adjacent the weld nugget where incipient
nelting and intrusion of eutectic occur along grain boundaries,
shile on the other hand the entire volume of the weld nugget has
been very appxeai&bly‘aaftened. Hence pénatrator tests measure
neld nuggeil geometrys. By profiling the weld region with suitable
penetraiors, the shape of the weld nugget can bve maéped gquite
aacuratély.

~Although properly applied penetrator tests can measure
ield nugget geometry reliably, it must be noted that measures
nents fyom the outer surface of the welded sheet measure only
the geometry of the outer boundaxy of the nugget in the sheet
uncer teste The nature of the bond at the faying surface, par-
ticularly whéie egﬂﬁééiva Alclad inclusions exist, is not .
neasured in this test, The geometry of the nugget in the
apposite sheet is not determined by penetrator tests on only

e side of the welds

Inherent erxors in penetrator tests result from (1) in-
aomogenieties in the composition and heat treatment ol the arxe
snt sheet (2) variations in the thickness of the cladding layex
of pure aluminum (3) insensitiveness with weld nuggets of low
penetration because of the thick layer of parent metal through

w¥hich the penetration test must measure nugget geometry.

Advantages of propexly conducted penetrator tesis ares
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(1) The method is feasible for either one or two side test=
ing, (2) the test actually measures nugget geometry (nugget
diameter is the single weld parameter which correlates ro=
liably with the static shear strength of spot welds), (3)

indications are nearly instantaneouss

Disadvantages of penstrator tests are: (1) The test be=

comes insensitive with thin nuggets (2) conditions at the

faying plane are not measured.

Ls One«Side;}One Point Penetrator Test.¢

In this test, a single penstrator is forced into the
sheet surface above the center of a spotweld, in a manner
similaf to ordinary hardness testing, but applied in this
case to a non-homogeneous structure., The change in pene=-
tration betweén the applicétion of a preload (sufficient
to forece the penetrator through local surface regions)
and application of full load (sufficient to force the
penetrator into a reglon where the weld nugget affects
penetration) is measured by a sensitive disl gauge. The
one point measurement tends to measure nugget penetration
at the center of the weld. {See Fig., 32). Nugget penes
tration is indirectly correlated with nugget volume and
diameter, for welds made with similar electrodes under
aimilar welding conditions,., Hence the one point penetra-

tor test predicts weld strength only through a chain of
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correlations with weld nugget diameter.

Precauﬁions}to be observed in applying the one polint pene=

trator test are: (1) The penetrabor mustbe very carefuliy
located over the center of the weld nugget (2) The shape and
size of the penetrator must be fixed and constant (3) The
conditions of loading must be controlled accurately (4) Tests
must be made on welds all of which have been made with idenw
tical welder tip size and contour, and on the side of the
sheet which was in conbact with a particular electrode tip.

Inherent Errors of this method include: (1) Errors due

to the lack of a reliable correlation between nugget dia=
meter and nugget thickness (2) Errors due to unsymmetrically
shaped nuggets or nuggets whose centers are displaced from
the faying plane (3) Errors due to inaccurate positioning.

aAdvantages of this method have been listed under penetra=-

tor tests. Standard hardness testing machines may be used
if desired. This test Beguires access to only one side of
the work.

Disadvantages of this test are (1) its relative unrelia=

bility, due to its indirect correlation with weld nugget
diameter, and (2) its inberent errors.

gypieal results of one=side, one point penetrator tests

made on industrially made spotwelds with a Rockwell Standard

Hardness Testing machine as penetrator are shown in Fig. 33.
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2+ Bimultaneous Two-Side, Onme Point Penetrator Tests.

This test method aiffefs from the, one~side, one point test
only in that simultaneous penetration tests from both sheet
surfaces are made on the welds This test has the slight
advantage of checklng symmetry with respeet to the faying
plene and of deteecting welds with nearly all the weld nugget
on one side only of the faying planes However, it requires

acceass o both sidesof the works

3+ Penetrator Prgfile_Tests.¢

The penetrator profile test is the moat reliable method
of determining weld mugget diameter shape and penetration.
In this test a sultably loaded penetrator carries out a
succession of measurements over the sheebt surface above and/%r
below the spotwelds The shape of the nugget along any sec=
tion can be determined by penetrator profile measurements
along a line over that sectiones {See Filgs 34 for charace
teristic penetrator profiles of spotwelds in 064" 2457
Alclad Sheet)s Increased sensitivity to weld nugget geo=-
metry 1s obtained with penetrator profile tests as sheet
thickness 1s decreased. IFrom penetretor profile measurements,
nugget sizey shape, and thickness can be determined., Instead
of a succession of point penetration measurements, s conw
tinuous profile hy‘a rolling sphere crvwheel following a-
linear or spiral path moy be used, Simultareous two=side

penetration profile testing is feasible under some conditions



FIG. 34 CHARACTERISTIC PENETRATOR PROFILES
OF SPOTWELDS



78

Precautions. (1) The single point penetrations must be

spaced sufficiently far apmrt to be independent of effects
of precedeing penetrations (2) Rolling profile units must
be very rigidly mounted to avold deflection due to the largs
forces required to move them over thé works {3) Resultant
grooves must not cause a "notch effect” to weaken the welded
joint (4) Sensitive measurements with respect to the sheet

surface, accurate to nearly 1/10,000 inch, are required.

Advantages of penetrator profile measurements lile in theilr
complete mepping of weld nuggelt geometry.

Disadvantages of penetrator profile measurements lie in

(1) the complexity and accuracy required in suitable testing
apparatus, (2) the time reguired for testing, (3) possible
weakening of the joint by grooves.

4, Maltlpoint or fing Penetrator Tests, ¥

These tests are designed to obtain the significant inw=
formation of the profile tests, with simpler equipﬁent‘ A
direct measurement of nugget diameter is made by a sultable
ring impressor or circle of polnt penetrators capable of
determining whether or not the nugget lies under the cirecle
of penetrators. (See Figs, 5280 inel., alsc Section V).

If the nugget is smaller than the penetrator circle, or has
excessively low penetration (0~20%), the penstrators indicate

only parent mé%%l to be present, If the nugget diamebter
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approaches and passes that of the ring, penetrator ine
dications detect this change sensitively. All nuggets of
dlameter mugh greater than the ring diameter, are recorded
as large nuggets. For any sheet thickness, the range of
very high test sensitivity can be matehed to any chosed
weld nugget diameter by selection of the appropriate pene=
trator ring diameter. One-side or simultaneous twowside
tésting is feasible. The accuracy of measurement of weld
nugget diameter and of weld strength is nearly identleal with
the accuracy with which weld strength and diameter can be
correlated teo the diameter observed by destructlively sec-
tioning the weld nugget. (See ¥ig. 41 and ¥Fig, 59)

Precautlons to be observed in applyling ring penetrator

tests include: (1) *he penetrator asseibly must be accurately
centered over the weld nugget. (The fact that the nugget

does not always lie directly under the indentation "dimple®

on the sheet surface introduces the largest error in this
measurement). (2) The size, shape, and arrangement of pene-
trators must remain constant (3) Effects of variations in

sheet Gemper must be compensated.

Inherent errors are (1) an error of increasing magnitude
with decreasing nugget penetration, due to decreassing test
sensitivity. ¥With less than 20% nugget penetration, test
indicates no nugget. § However, Alclad inclusions are usually

excessive, and weld quality is very unreliasble with such
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Tests of equipment built by the General Electrlc I~Ray
Corporation and tried at the Glenn L, Martin Company in Balt-
imore, Nd. as well as research at the Taylor Winfield Company
(Ref. #4) of Viarren, Ohio and the Aluminum Company of “merica
(Refs #6) at New EKensington, Penn., indicated that the radio=
graphic inspection of spotwelds on fine grain film was probe
ably feasible, Nost radiographers do not believe fluorcseopic
inspection of spotwelds to be feasible beecause fluoroscople
screens in use today have a grain size some 10,000 times
larger than fine grain Xeray film and because imege intensity
differences are small, Ionlzatlon gauge inspection is like=~
wise considered very difficult beecause of the complexity of
spotweld images.

1. Weld Outline Test (Ref. #14)

In thls test, a fluld containing radlographically
opaque materials is caused to penetrate between the ‘
welded sheets at the faying plane. The penetrating
gualities of the fluid cause it to cover the faying
plane up to the very boundaries of the bonded zone at
each welds If the joint is now exposed to Y-rays,
while the image it recorded on Xeray film or viewed on
a fluoroscopic screen, the welds appear as reglons re-

latively transparent to Xerays surrounded by more opague
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areas. The oubline of the acbual total bonded area of
each weld.ls thus detected readlily.

Precautions to be observed in ap:lying thils test

are (1) The fluid carrying the radiographically opague
materials must not damage or corrode the aluminum sheet,
nor should the jolnt be spread 1ln order to Introduce

the fluid, (2) Reasonably constant radiographic denslty
ghould be obtained outside the weld region, (3) The

fluild must penetrate to the boundary of the bonded

area of the weld, and into any interstices between bonded
areas,

inherent errors may result 1f the fluid fails to

penetrate to the boundary of the bonded area at all
points. The contribution of the corona bonding to weld
strength is not necessarily measured.

Advantages of the method sre:(l) the total area of

bonding can be measured reliably (2) exposure conditions
need not be precisely controlled (3) special fine grain
films are not necéssary (4) X-rays from standard indis~
trial equipment (30 Ivp to 150 Kvp) may be applied,

DisadVanﬁages of the method are: The inherent erropr

listed (2) the additional pperations of flowing in the
fluid before exposure and of cleaning the sheet after

exposure- (3) the added cost of film and delay of develop=



83
ing film, requiring identification of welds (4) a posaible
hazard to inspectors if fluoroscopic visual inspection
is employed, without adequate precautions (5) relatively
elaborate equipment and skilled operators are regulred. .

Careful tests of this method during this research

have shown thaet the extent of penebtration of the solvent
through the corona region of spotwelds is very variable.
Trials of all availlable solvents, with sultable dye
indicators, with many methods of flowing the fluids
into the faying plane (vacuum and pressurs techniques,
gupersonic pumping, heating, ete.) have shown that some
welds permit the fluid to flow through the corona reéw
gion (even when appreciable corone bonding is present)
while other welds of identical strength stop the fluid
at the corona boundary. Tests on several hundreds of
welds indicated the fluid outline to be a poor measure
of weld bonding and a misleading indication of weld
atrength. In some cases, the fluld and dye penstrated
t0 the inner extremity of the Aleclad inclusion into the
weld nugget. Had this been universally the case, the
method would have been exceedingly useful, as it was

the only nonedeatructive test which ever gshowed promise
of indicating the extent of the Alelad inclusion into

the weld nuggete
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2. Radiographic Tests: {Ref. #4¢, #64 #8, #9, #10)

In these tests, the welds are subjected to irrade
iation by carefully controlled low voltage X-rays and
the weld image is recorded on fine grain photographic
film placed behind the welded joint. The X~ray voltage
should be stabilized to plus or minus 3 KV., and should
be selected to obtain maximum radiographic contrast.
{(Twelve KV,Xerays produce appreciably greater contrast
then 40 KV. Xerays (Ref. #9).) The effective focal area
of the tube sghould be smell in comparison with the target
film distonce. An effective foeal area one millimeter
square with a 36 inch target to film distance has given
acceptable definition with standard industrial Xsray
equipnent (Ref. #6). The film should have fine grain
{(Bastman Type I and Agfa Superay B have been used successe
fully), be wrapped only in photographic paper with 1/16
ineh lead backing behind the filmy, and be placed reasone
ably close to tlie welde Two or three layers of X=-ray
film cun be used without appreeliable loss in definition.

bxposure conditons must be precisely controlled to
obtain optimum contrast and definition., (Sese Section
V1) This research has shown bthat under optimum exposwe
conditbons, images of the guality shown in Figs. 66 to
67 may be obbtained consistently on production Xeray

equipment rated as high as 150 KVP.
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Precautions to be observed include: (1) The film

mast be wrapped only in thin paper opaque to light but
trangparent to X-rays of low voltage, (2) Exposure con=
ditions and film processing should be precisely controle

ledy (3) Personnel should be protected from X-rays.

foherent errors includé (1) errors resulting from
inability of method te discriminate extent of Aleclad
inaluston inte the weld mugget, Such inclusion oeccurs
frequently with thin, small weld nuggets, and lowers
weld strength appreciably, (2) Errors resulting from
lack of definition in radiographic images of spotwelds
with thin weld nuggetss (3) Erroré in interpfatation
of spotweld radiographic imagess |

Advanteges of the test include (1) very complete

information as to weld straucture,; geometry, size and
strength is obtained (See Section VI). (2) the weld
is not damaged by the test, (3) the weld need not be

located precisely, (4) permanent records are obtained,

Disadvantages include (1) the test requires access
to both sides of the weld, (2) long exposures (4 to 30

minutes) are required with standerd radiographic equip=-
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wente {(8) Film mmeb be used, invelving added cosby
{4} delay of developing tekes Liwe, reguires ldentifi-
sation of welds, (8) relabively elsburabe equipment
and siilled operators wre regquived, (6] caveful inters
pﬁﬁ%&@i@@ of radiographs s requlreds
fegulis of sn oxbensive luovestigetion of spobtwold

radiography ave glven in Seoctlion VI..and VIL,
o

in thess tesis, the welds are subjected tu ecsrefully
controlled Fepuys and the resulbant images are viewed
by meane of & fine grein flecreseoplo screen placed close
to the welded sheet, Under optimum econditlons, lmages
slmdlar to those obbelned with Pine grain film might be
expacieds

ilowever, svallable fluorosoopic sereens are fer oo
coarscwgrained to obbain definition sdoquate for spote
weld lnepectlon, /Also the conbrast betweon regions of

the spobweld Lg btoo low for easy fluoroscople inspeotions

%Dﬂf&ng this rosearch, technigues have been developed
80 that adeguale spotweld redlogrephs are obislaed
with ezposure times s low a& five soconds {(Ioe Sepw

tlon XIi)e
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Precautions areg (1) the inspector must be pro-

tected from excessive X~ray exposure, (2) to obtalin re-
liable results careful "dark adaptation® of the eyes
(30 minutes in a completely darkened room) is required
before inspection begins, (3) lack of sensitivity or
failure to indicate fualts shoﬁld not be taken as proof
of weld guality,

Adwantages of the method include: (1) no film 1is

required, so inspection cost is low, (2) resulis of
inspection are avallable immediately, sc no marking or
identification of welds 1ls needed, (3) welds need not

be located accurately for testing.

Disadvantages ineludes (1) a darkened room ig
needed for viewing the fluoroscopic screen (2) inspectors
have time delays because of futigue and time neesded
for "dark adaptation", (3) access is required to both
sides of the weld, (4) special equipment muy be required
for the protection of personnel,

4, Ionization Gauge Nethod:#

In this test, X=rays pass from the source through
the welded sheets into a suitable lonization gauge, which
measures the quantity of Xerays passing through the

sheets at the weld. {See Pig. 36). The pauge may make

# This zethed 1s now under investigation by other PO

search investigators.
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either an overall m@aéu@ement, or profile the weld
region to obtaln fine detail of the X-ray image of the
welds To avolid lengthy exposures exceedingly sensitive
ionization gauges are reqguired, particularly for pro~
filing the welda

Inherent errors include {1) errors due to failure

to observe fine detail of weld in the overall test, (2)
possible effects of cracks and porosity, (3) errors
due to misalignment of the achbual weld nugget and the
ionization gauge, (4) errors due to excessive shest
indentation and cthier geometric factors.

sdvantages include (1) response is immediate, make

ing marking or identification of welds unnecessary, (28)
indicaticons are independent of operator and could be
eautomatic in operations

Pigadvantages include (1) access is required to

both sides of the weld, (8) carveful locating of the weld
is reguired, (3) cracking or excessive sheet indenbation
mey introduce errongous indliceition.

No development of %fonization gauge testing equipment

has been included in this research, since the penetrator
and electrical tesis provide eguivalent information with

asimpler eguipment.
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I, lechanical Proof Tests:

In mechaniecal proof tests, the spotweld is loaded to 2
predetermined fraction of acceptable strength in shear or
tension by a suitable mechanical testing tool. With.walds
in extended sheetg, it is very difficult to load individual
spots in shear without excessive sheet distortion. 4As a re-
sult, most mechanical progf tests are designed to load the
spoﬁweld in tension. However, i1t must be recognized that ten=
sion strength 1s not necessarily proportional to the shear
strength of the welds Hence these tests are indicative of,
but do not measure shear étrength. They do disecriminate
between "stuck®” welds and welds of accepbable strength.

The greatest digadvantage of mechanical proof tests is

the possibility that the proof load might damagé the weld,
This need not necessarily occur--in faet it is probable
that spotwelds which were damaged by proof loading to a fracte
ion of minimum acceptable strength would not be sultable for
use in aireraft anyhow., Experience with statie shear pull
tests on thousands of spotwelds fails to show any damage re-
sulting from partial loasding, in welds of aceceptable strength
and guality.

The advantage of proof tests lies in their complete re=-
liability, when the load can be prbperly applied to an ine
dividual spote

1, Pry Test lethodss

Following the method of the inspector who pries the
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sheets apart nesr the spotwelds to detect weak welds,
callibrated prying tools designed to exert lnown loads
have been developeds Hegardless of the force exerted
by the operator, cluteh or spring dsvices prevent the
force aprlied to the weld from exceeding a certain
maximum,s Henece lmown proof loads may be applied without
damage to good welds. The method has a direct appeal ©
to the inspector because it follows proven inspection

procedure with additional accuracey,

A precantion to be observed 1n applying pry tools

is that the tool must be properly applied, and applied
only to joints and sheet thicknesses for which 1t has
been designed and adjusted, to avoid damage to the welds
or structure.

Inherent errors include (1) errors resulting from

the presence of other welds very close to the weld under
test, if the load is distribubted to these other welds,
(2) errors due to variable sheet stiffness,

AGvantages of pry testing tools are: (1) measure=

ments are simple and direct, (2) tho load is ap.lied
to weld at faying plane, rather than throggh sheet.

Disadvantages of pry testing tools are: (1) the

sheets are separated and may be distorted by the test,
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(2) welds are difficult to reach throggh large overs
lap, (3) sheet surface is scratched at faying surface,
(4) damage to the weld may result from careless use.

W5 vevry practical forms of pry testing tools have

~ been developed 1n this research, although preliminary

designs for such tools have been proposed,

2 idhesive Bond Test:¢

In this test, suitable small plates are bonded to
the outer sheet surface above the weld, and/or to the
opposite sheet surface, using recently developed metal
to metal adhesives applied under heat and pressure. A
typical adhesive * applied in these btests consistently
developed more than 2500 p.s.is shear strength and 2000
pPsSsi. tensile strength in bonds between #lclad sheets.
It is applied with a brush and allowed to dry in air for
an hour, Then heat and pressure are applied 5 to 10
minutes to cure the bondes (See iig. 37 A)s Suitable
loading tools then 1ift the bonded plates from the sheef,
loading the individual spot in tension. (See Fig. 37 B).
Wiealkk welds fall under the chosen proof load. 4cceptable
welds are not damaged and the sheet is not distorted by

this test,

# Furnished by B3 Chemical Company, Cambridge, Masse

achusetis,
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Precautions to be observed in applying these testis

includes (1) the sheet surface must be properly cleaned
and the adhesive bond must be made carefully, (2) the
load must be applied normal to the sheet surface so as

to avoid progressive failure of the adhesive bond, (3)
the applied load should not exceed the chosen proof load.-

Limitationg in the application of the method are:

(1) it is not applicable to welds between two rigid sece
tione, as the load would be distributed to several welds,
(2) it may be applied to thin sheets welded to stiffaners,
by loading from only one side, ox to sheet to sheet welds
with loading fyom above and below the weld.

Advantages of the method ares (L) the sheet is not

distorted and good welds axe not damaged by the test,

(2) direct, reliable measurements are obtained,

Disadvantages of the method ares (1) tests on indi-
vidual welds involve excessive time delay, although lLarge
numbers of welds may ve tested relatively quickly, (2)
heating and pressure equipment must be used to make the
bond, and heat is needed to weaken the adhesive bond af-
ter testing, to remove the test plate,

Fige 47-C shows a design for a loading tool for use

with the adhesive bond proof test.

9s Proof Testing at Weldegg
It has been proposed that proof testing be carriéd

out at the weldexr directly after each weld is made, so
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that defective welds can be detected immediately and ree
placed. Such testing might be made an integral part of
the welding operation, automatically applied as the head
of the welder rises so as toéntail negligible loss of
times Special clamp tools, possibly operated by the
welder air supply, would be necessary to hold the sheet
and load the weld., On long continuous joints, these
clamps might also zerxve to move and position the sheet
for weldings ue device wouldbload'the weld only to a
fixed proof load, and release the sheet when this load
was attaiﬁed, to avoid excesszive sheet distortions

Hold down aevices mightjbe needed to avoid loading ade
Jacent welds, Care would be exercised to avoid excessive
sheet separation because of the clamps inserted at the
faying planes Cold rolling subsequent to welding might

be necessary to reduce sheet separation to a minimums

Precautions include (1) care to avoid damage to the

weld through excessive proof loading.

Advantsges are: (1) proof testing can be caxried -
out on all welds, {(x) defective welds can be detected
and rewelded with negligible lost time, (3) the test

would be reliable and conclusives

Disadvantages are: (1) proof loads might damage
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the welds, (2) sheet separation and distoxrtion might re=-
sult, (3) the time required for welding might be increased,
{4) the flexiéility of the welder might be reduced. (5) new
fixtures might be required for special shapes of structure

to be welded.,

o development of this type of equipment has been ine
e¢luded in this research. A sketch o6f a possible method

of applying load by means of straps appears in Fig. 685,
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EV., 2ELeCTION OF SUITABLE TH3T METHODS:

To select from the proposed test methods those showing
the greatest promise, it was necessary to determines
A« The corxrelation of weld properties with static
shear strength,.
Be. Bffect of sheet preparation and conditionsof
welding upon weld propexties,
C. The destructive tests of spotwelds equivalent
to loading conditions in aircraft stmotures in use.
D. The measurements required of non-destructive tests,
Hs Buitable components of non-destructive spotweld
testerxs,.
The results of measuxemente on more than a thousand induse
trially made spotwelds from several sources were used 1o ese
tablish the following facte, on which the selegtion of suitable

test methodes was baseds

A. QCorrelation of Weld Froperties with Static Shear Strength

le Lypes of ¥ailure
The failure of spotwelds under stamtic sheaxr loading

is usually of ohe of three basic types:
(a) Shear through the nugget at the faying plane
(See Pige 48), In this type of failure the maximum
strength of the weld ies developed. Any contributions
to weld strength by coronas bonding will be realized in
addition to the strength of the cast alloy nugget area.

(b) *Pulling a button® in which case failure usually



Fi1G6. 33. SPOT WELD FAILURE BY SHEAR THROUGH THE NUGGET AT THE
FAYING PLANE.
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cceurs at the periphery of the nugget along the walls
of & circular cylinder through one of the sheets as
shown in Figure 39, In this case the full strength

of the spotweld wiil net be developed and the strength
depends only upon the efiective diameter of the nugget
and the qualities of the heat-affceted zone at the
nugget boundary. The presence of corxona bondirmg and
the shear strength of the cast alloy at the faying
plane do not contribute to the ultimate sirengtn of
the weld. They do represent, however, a measuxe of
the maximur strength which could possibly be developed
even winen faillure is by "pulling a button®, Failure
by pulling a button whose size corresponds to the inner
extremity of the Alclad inclusion (such as occurxed

in weld F=-90, Fig. 74} results in reduced streungth
proportional to the diameter oif the actual button

pulled.

{c) Pulling a partial button with shear through
nugget, (See Pig., 40). 1In this case, fallure starts
most frequently at the inner extremity of the Alclad
inclugion into the weld nugget and progressee through
the cast alloy of the nugget to the sheet surfaces,
usuvally pulling about one~half of the normal button.
The strength devéloped in this type of failure is
quite variable and depends almost entirely upon the

geometry of the surfaces of cleavage.
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F1G. 39. SPOTWELD FAILURE BY "PULLING A BUTTON".



SPOTWELD FAILURE BY PULLING A PARTIAL BUTTON WITH
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SHEAR THROUGH NUGGET.
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2« Hugget Diameter and Shape

The single weld parameter which correlates most relie
ably with static shear sirength is the arez of cast alloy
bonding at the faying plane, which is measuyed approximately
by the diametex of the nugget at the faying plane if Alclad
inclusions are not excessives

In normal welde the cast alloy of the nugget at the faye
ing plane develops from 18,000 to 22,000 psseis s8tatic sheax
strength with the average value for typical welds close to
20,000 pes.i. Hence, most of the weld strength ic developed
in the nugget in normal welds and, in c¢ase the failure is by
shear al the faying plane, the area of cast alloy determines
the weld strength reliably. However, in many cases, an adde
tional bonded ares of Alclad material existes outside the
weld nugget and coniributes to weld strength. Figure 41
showe typilcal correlations between static shear strength
and cast alloy area at the faying plane for several hundred
welds. In general, most of the welds with a given cast_alloy
area will have strengths within plus or minue 10% of the median
atréngth in that area. These results have been confirumed by»
research in other laboratories (Refs #3 & #8)»

The shape of the nugget, provided it be reasonably symmet-
rical, is not eritical to the weld strength. Misshapeﬁ nuge
gets, however, are often an indication of poor surxface ?repanp

tion or bad welding conditions and usually go along with welds
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of inconsistent ox low strengths,

S« Hugget Penetration and Volume

The thickness of thé weld nugget measur ed by its pene=~
tration into the parent sheet is not eritical in determining
slatic sheaxr strength, provided that the penetration lies
between 20% and 80% of the sheet thickness., (Ref. #5)s
With penetration below 20% nugget formation is very irregue
lax and extensive Alclad inclusions may vesult in great
weakening of the boné at the faying surface. These low
penetration welds should be classified as not acceptable
because They could not pass strength consistency reguiree
ments, Welds whose nuggets penetrate to more than 80%
of the ah&éit;':’cji:i.i'cil;cne%g:‘-aze indioative of welding conditions
under winich cracked welds freguently occur and are undesirable
because the excessive nugget thickness weakens the parent
gheet at the bond and usually results in a large heat-
affected region surrounding the nugget in which the strength
of the 24 37 alloy may bemcansidezably redugeds Such welds
may fail by puliing buttons where the auxf&ce of failure may
lie in this weakened zone. They do not develop as much shear
strength a¢ could have been develags& had the nugget sheared
through the faying plane.

Qur experience does not show that within the acceptable

range of 20% to 30% penetration the unit sheaxr strength of the



99

weld depends significantly upon penetration., Instead we
find that with welds of lower penetration there is fre~
quently present a relatively larger ares of Alclad bonding,
wnose strength contribufion is responsible for the apparent
fictitious increase in the unit shear strength of the

nugget (Ref. #3).

4, Total Bonded Area at the Faying Plane

The ‘total bonded area at the faying plane consists of
(a) the cast alloy region of the nugget and (b) the region
of curona bonding. In the usual case the cast alloy area
iz wiform and completely bonded. However, the coxrona
bonding is variable frowm no bonding whatever to a complete
syeal bonding. With complete bonding the corona region
develops about 9500 pessis unit shear strength. With in=
complete bonding (small points bonded with surrounding ine
terstices) the apparent unit shear strength of the corona
for a group of welds may be as low as 6500# or even 4500#.
The quality of the corona bond depends critically upon the
method of sheet preparation and cleaning, in addition fto
the conditions of weldinge. Undex some conditions no corona
bonding whatever will develop.

The weld strength correlates more closely with

(Anx bn) A (Acx ac)
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where
A, = Het Cast Alloy (Nugget) Area at Faying Plane

5]
=
i

Unit Shear Strength of Cast Alloy (Nugget)

»
[+
"

« Bffeoctively Bonded Area of Alclad Corona

8, = Unit Shear Strength of Corona Bonding
than with any othey combination of measureable spotweld
parametere, despite the faet that in some cases failure
ogcure by mechanisms other than failure by shear at the

faying plane,

5. (Corona and Nugget Unit Shear Strengths

The actual unit shear strengthes of the cast alloy bongw
ing and the corona bond ing can be deteimined for a group of
welds by plotting (a) the ratio of the shear strength to the
square of the corona diameter against (b) the ratio of the
square 2f the nugéet diameter to the square of the corona
diameters Such curves axe shown in Figure 42 for welds in
«040" 24 3T Alclad sheet. The intexcept of the median line
of the curve with the vertical axis gives the unit shear
strength of the corona bonding. The slope of the median
line gives the unit shear strength of the cast alloy. For
the groﬁy of welde shown the measurement shows the unit
ghear strength of the corona bonding to be about 9,600 pesSel,
while that of the nugget is <0,500 pessies Similar results
have been obtained in other gauges with all sizes of welds,
Using theszse unit shear strengths in the relation given in
Section IV(D}, the actual strength of any normal weld can

be predicted within plus or minus 10% in the usual case from



[$)

(o]

= A .
Ei?() T | l T
= o
<60 SRS e S
S _ |
—50 2 ' j :
e | | |
T | \ |
" 40 A,,,f_,ﬁv { o
b ‘ |
| ®.
£30 —
" i
-
=20 o I e -
z |
e | |
< |0 4
(V]
I Al
B o) | :
‘ 1.0 1.5 2.0 2.5 2.0 35 40 45 5.0
' RATIO(ALLOY + CORONA AREA)
ALLOY AREA :
%90 ' = ’
s @ 1 T 7
5 f T e .
380 I , k! | g,
= | | ! e
g o : AL o
o7 j S
ST — ] ,/’”, i
I 4 / - /"/ ' i
gso | i / . |
+ | Bl Dl S W e
§4o /.n/ 2 foed
z gt | | |
& 30 | K RN L35 A GRS
- /,”’t“t ’4‘/ i ‘
w L~ b ' i _j*“_ 4‘;__ I f_‘__ _
20 ; i » | .
J ! i | ! I
-2 : :
Q_ = -___e____.;_____ .......... o= e il den
@
<
w
I
(79}

I 2 3 4
RATlO(A

5 . =6 8
LLOY+CORONA AREA
ALLOY AREA

F1G. 42. GRAPH USED FOR CALCULATION OF UNIT SHEAR STRENGTHg:
OF CAST ALLOY AND CORONA BOUNDED REGIONS AT FAYING PLANE OF SPOTWELDS.
A. 141 SCIAKY WELDS IN
B. 108 SCIAKY WELDS IN .064" 2UST ALCLAD.

040" 24ST ALCLAD.



101

its nugget and cozoun dlamctercs

A% previcusly indicated in 3%@%1&& 111 B, the diffexences
in resistivity of epecific volumes of wmetlsl in lone weld region
are too small to sexve eliectively as a wmessure or weld siaze
and geowelry, when measurements wust be wmade frxom the sheet
surface through a thick layer of parent metals The presence
af ermckes and porosity and of extencive sheet ladentation

further reduce the reliability of sueh measuresents.

Penetrations yesulting when & loaded yréﬁe ie prevsed
into this outer surfece oif the sheet above the epotueld nugget
at & siogle point tend to measuye the thickness of tempered
pazent metal lying above the weld nugget at that point. A
sucuesslion of suwoh measuremerte is capable of determining the
geonetxy of the augget boundary in the sheet under tests Fie
gure 34 eshows typicsl penetrator indentation profiles obtained
by uveing a Hocwwell Hardness Testlng lachine on welds in ,064%
24 3T Alelad sheets ‘These show the method to be especially
seneitive when the weld nugget lies close to the sheet surface
giad (o lose semsitivity rapidly when the weld nugget penctrates
only 20% to 307 into the sheet {Jee Pig. 34)s Hiumilaxr measurew
ments can be uade with snall hand testing devices. {The Darcol
Imprecsmor zexves suitably for thin gauges of aluminus sheetl,

+034" and thinnexr). {(See Figs 64).
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8s letallurgical Stfucture

Metallurgical structure is of less importance than nugget
slze, shape, soundness, freedom from cracking, and extent of
coxona bond in determining weld strength and guality. No
metallurgical characteristic has yet been reliable coxrelated
with weld strength.

The ductility of the weld metal is, however, of great
importance, as one of the chief defects wet in spotwelds is
lack of sufficient duetility to permit even distribution of
applied loads across the bonded areas DPBrittleness seems to
reduce weld strength especislly under impact and fatigue
loading, yet ite effects upon static shear strength are very
smalls Hence, ductility alone cannot be used to measure static
shear strength, However, spotwelds to be acceptable must show

appreciable ductility.
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B, Effect of Sheet Prapar&tion and baﬁditian of
felding Upon lield Properties

The size, shape and structure of the apotweld nugget
and the extent and nature of Alclad bonding at the faying
plane are critically dependent upon the methods of cleaning
‘and preparing sheet for welding and updn the conditions of

welding.

1. Sheet Preparation

One of the most variable parameters controlling spote
weld quality is the method of sheet preparation and cleaning.
There is little agreement as yebt on the precise procedure
of etiching and eleaning amoﬁg the wvarious manufacturers of
alreraft. A4As a result, the surface condition of the sheets,
although uéually consistent in any one factory, variles
widely from one company te another. Uniform surface cone
ditions.are required for consistent weld strength, The
gurface conditiong, if iyreguiar, result in misshapen weld
nuggets, spitting, and other weld defects, as well as in
variable strength (See Fig, 43). The size of the nugget
developed is a function of the resistance at the faying
plane during the period of welding, so that a change in
cleaning conditions may result in a change in weld size ale
though all contirollable conditions of welding are kept constant,

The nature of the corona hond varies greatly with sheet

surface condition. S8heets cleaned adequately for good welding
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any, if fingoreprinted, cause tﬁ@ corons bond to fail

to develope Where Alclad inclusions into the nuggel are
extonsive tﬁ@ faliure to develop vorons bonding iluntroduces
& diwcontinuitly into the stzeseed region of the weld nugpet
and gontyiouter to enxly fallure undery cextaln types of
loading. Thwe cleaning conuititons smny e yesponeible fox
a change of 1004 in wele strength for welds with identical
nugget sizes, oimply a8 a xesult of the failure to obtain
gorons bonding. Bee Plgure 44 for typical varlaetions in
gorons bonding whivh may result fyos non-unifore sheet

suxface conditionss

The geometzy and suxrface condltion of the welding elege
tzodes has o oriticel efifect upon the shape and extent of
nugget development in the spotweld and upon the nature and
gxtent of the heat-alfected zone of the parent metal adjacent
to the nupggets Dhayp, small electrode tips tend to cause
nugget development nearexr to the outur eneet zurfave in
contact with the small tipes Hurtoermoxe, as the tips grow
G¢izty the nuggels tend to cdevelap g:@n%&r panet:ﬁtian and
approach the outer sheet suiface becsuse af the incrensed
nent developed at the tip contmet., On the othex hand, flat
electrode tipe frequently cause the nuggetl té develop lews
peneirations Vhen g rounded tip and a flat tip axe ueed

together to maxe the weld the nugget will frequently be



IN CORONA BONDING WHICH MAY RESULT FROM NON=UNIFORM SHEET

VARIATIONS

SURFACE CONDITIONS.

44.

FiaG.
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displaeedlgggg the faying plane toward the rounded tipe
Aﬁ‘tﬁéﬁ%iﬁéhgxow dirtier or are heated up during the
process of welding, extensive nickupy from the sheet sure
face occurs., To avoid this pickup, tips are perioedically
cleaned during welding. Yigure 45 showe typical variations
in nugget position resulting from changes in electrode
shape and size. Honwdestructive teet methods must not

give erroneous indicatione 2s g result of variations in

tip conditions which have not changed we ld qualitys.:

3¢ Helding Current, Power and Fnergy

The energy delivered to the weld deterxmines the size
0f the weld nugget and the bonded ares. The net energy
developed in the sheets during welding will be given by

the integral.

This energy obviously depends upon the welding current,
the resistance at the faying plane of the weld, and the
time during which the curyent flows. Because of the very
high heat conductivity of aluminum, the vate at which
energy is supplied to the weld region is criticals. In
general, the heat must be developed very rapidly in order
that the temperature may be raised above the melting point
of the cast alloy at the weld. Hence, the wave shape of
the current is very important. Steep-~fronted, short-
duration current surges tend to produce more extensive
melting per wati second of energy delivered to the weld

region than do long~duration waves with slowly changing



A. 3" RADIUS DOME 5/8" DIAMETER UPPER ELECTRODE FLAT H/8"
DIAMETER LOWER ELECTRODE.

B. BH" RADIUS DOME 5/8" DIAMETER UPPER ELECTRODE FLAT 5/8"
DIAMETER LOWER ELECTRODE.

(68 395 COME UPPER ELECTRODE FLAT 5/8" DIAMETER LOWER
ELECTRODE.

D. 790 COME UPPER ELECTRODE FLAT 5/8" DIAMETER LOWER
ELECTRODE.

Fic. 45. VARIATIONS IN SPOT WELD NUGGET SHAPE AND POSITION RESULTING

CHANGES IN ELECTRODE SHAPE AND SIZE.

FROM
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currents, Furthermore, the wave shape of the current
will have an important effect upon the actual timing
vetween the melting of the alleoy and the application of
forging pressure, Typical variations in weld nugget
slze as welding energy increaces are shown in Fig. 46.
Honedestructive test methods should méasure weld quality
and strength independently of the curyent conditions

during weldinge

4s JPre-Compression, Welding rressure and Forge Pressure

Iip pressure conditions during welding have a large
effect upon the electrical resistance at the faying plane
and upon the energy developed-in the welds High prescsure
at the begimning of the welding cycle lowers the effective
resistance and ceoreases the weld energy. Insufficient
pressure during the period that the alloy is melting
resulte in expulsion of metal at the Faying plane and
excéssive expansion in the heated region. During the
period of subsequent cooling from the periphery of the
nugget toward its sgenter, crgaézng and porosity develops
Gxcessive forging pressure after the nugget has been
formed results in exceesive sheet indentation. Inadequate
forging pressure produces lnadeguate bogding at the f%ying
surface. HSxcessively advanced forging pressure has the same

effect as excessive pressure during the welding period, nauely,
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it reduces the resistance at the faying plane and hence re=
duces the weld energye. Excessively delayed forging time is une
desirable because the weld nuggebt will have solidified before
forging pressure is applied, nullifying its effects. The effect
of advancing and delaying the application of forge pressure
upon welds made at consbant energy setting of the welder is

shown in Figure 47,

5. Progess Lontrol and Nonedestructive Testing

To meet Army and Havy specifications for minimum weld
strength and strength consisteney, aireraft manufacturers now
uge extensive process control in the spotwelding departments.
As a result, in any one plant, variables in cleaning and cone
ditions of welding are held reasonably constant. for this rea=
son, it is not necessary for non~destructive test methods to
be sensitive to exceedingly abnormal conditions, but rather to
be able te detect weld quality and strength reliably under

normal variations of industrial welding conditions.



Filc. 47. EFFECT OF CHANGING THE TIME OF APPLICATION OF FORGING PRESSURE UPON WELDS
MADE AT CONSTANT CURRENT RELAY SETTINGS OF SCIAKY WELDER.

A. FORGE TIME SETTING 165 — — VERY
ADVANCED FORGE — —

B. FORGE TIME SETTING 175 — — LESS
ADVANCED FORGE — —

C. FORGE TIME SETTING 200 — — LESS
ADVANCED FORGE — —

D. FORGE TIME SETTING 210 — — LESS
ADVANCED FORGE — —

E. FORGE TIME SETTING 215 — — LESS
ADVANCED FORGE = —




Fie. U7, coNT'D.

F. FORGE TIME SETTING 220 — — NORMAL
FORGE «
G. FORGE TIME SETTING 225 — — NORMAL
FORGE.
H. FORGE TIME SETTING 230 — — DELAYED
FORGE.
. FORGE TIME SETTING 235 — — DELAYED
FORGE .
J. FORGE TIME SETTING 240 — — MORE

DELAYED FORGE.

K. FORGE TIME SETTING 2UH— — EXCESSIVELY
DELAYED FORGE.
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C, DESTRUCTIVE TESTS OF SPOTHWLLDS

Non=destructive tests must predict the strength of spote

welds as shown by destructive pull tests of spotweld speci=~

mens« The strength of the épotweld depends eritically upon
the nature of the load applied to cause its falliure. IHence,
non~destructive tests must be specifically designed tq prediet
the strength of the weld under the type of loading met in aire

craft structures in use.

1., Hature of Loads on Welds in aircrafl

Spotwelds used in aireraft structures are usually con=
stituents of muliiple spot lap joints, in which sevsral welds
share the applied loads As a result of this type of use most
of the welds are loaded in shear, despite the nature of the
total applied.load. Furthermore, spotwelds are weak in tension
and normal design calls for loading of spotwelds only in shear.
The presence of adjacent welds holding the sheets together tends
to prevent the application of tension loads under normal cone
ditions., The loads applied inelude static, impact, and fatiguew
but caleculations are usually based on design static shear strength,
which is less than the minimum acceptable test strength by a

sultable factor of safety.

2¢ Static Shear Loads

Hormal design calls for specified static shear strengths

in spotwelded jointas., Specimen welds and coupons welded during
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rung on airoraft structures are tested in the shop by simple
static tension loads on single lap single spot joints arranged
to load the weld itaelf in sheawr, 4 typlesl shesy epecimen is
showm in Figure 48, The strength developed on thin test will
depend upon not anly the weld qualities but alse the matnod of
teating and the methoed of applying the load. Components of
torsion loed or of tension on the spot should be eliminated if
reproducsable shear strengthe sre to be obialneds 4 simple
machine developed for the shezy testing of sgpobtwelds in this
research is shown in ¥igure 49, “he method of loading, by
means of pine through holes drilled in line with the spotweld,
prevents the applieation of twiast or btension loeding. Helds
may be tested as repidly as $wo a mimmbte with plus or minus &%
acourasy on this machline, Clawp grips are freguently found to
be objeetionable becsuse if tightened while slightly out of
iine apprecisble moments are ﬁﬁ?@lﬁ@éﬁ at the welds ‘he s tatie
shear test is by fer the simplest test Lo be applied for routine
chocks on spobtweld strengths

In flight, end particularly under baltle conditions and
when landing, slrceraft strustures are aubjected to febipgue and
lmpact lowding. Opotwelds have been found to be very weak utis

der certaln types of impact louding. Likewise, fa&igu@ Loglls
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ing whiech is known to be present in joints in aireraft struce
tures may lead to early fallure of spotwelded joimta, particu=
larly if cracking is present, or if the weld is not sufficiently
duetile., At present exbtensive research on the fatigue propers
ties of spotwelded joints is under way (Ref. #15). The come
plete results of this research have not yet been presenteds
Thus it is nobt known whether fatigue strength is a betber mea-
sure of spotweld quality than the static shear strenght. Hence,
the simpler of the two btests, namely, static shear loading is

most widely used at present to determine weld quality.

4, Tension Lpads

It has been felt by several research organizations that
the true quality of spotwelds is more adequately measured by
loading the spotweld in tension as indicated in Flgure 50. 1In
this case the properties of the weld nuggebt and of the heat-af=
fected zones surrounding the nugget have a significant effect
upon the measured sitrength of the weld., 4Also, there has been
a tendency to correlate the ductility of the weld with the rae
tio of the tension to the shear strength. However, for develope
ment of significant non-destructive tests it is more impor-
tant to predict accurately the s tatic shear strength which is

the assumed actual loading of the welds in use.

5« Torsion Shear Loads

Spotwelds are exceedingly weak in torsion because of the

small moment of area of the bonded zone about its center, so
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that applied moments of force result in very high shear stress
in the weld nugget. The ductility of the weld is frequently
measured by applying a twisting moment to a single spot speci-
men prepared as shown in Figure 5l. 4As yet the signlificance
of the torsion tests has not yet been proven and therefore it
is not necessary that nonndestfuctive tests predict this weld
quallitye.

48 a result of the conditions listed, static shear load-
ing has been used for the destructive testing of spotwelds in
this resesrch. Non-destructive tests have been designed to
predict the static shear strength of spotwelds, with only coin=

cidental correlation with these other strengths.

D, HEASURENENTS REQUIRED OF NON~DESTRUCTIVE TESTS

To measure weld quality and static shear strength rellably
the non=destructive test must measure ceritain spotweld para=
meters and conditions precisely. The simplest measurements of
eaéh of these parameters 1ls the preferred one. The minimum

requirement 1s that the non~destructive test measure nugget die-

ameter reliably. For more accurate measurement of weld strength

it is necessary to measure the total bonded area at the faying
surface and to determine which portion of this area is cast
alloy bonding and which portion is corona or Alclad bonding.

Supplementary measurements which would be desirable are: a

measurement of the penetration of the nugget into the parent
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sheet, a measurement of the extent of the heatw-affected zone,
a measurement of the spotweld's ductility, snd a measurement
of the extent of cracking and porosity. None of these last
named measurements is necessary, however, to predict the static
shear strength of the welds.
It is recognized that a visual inspection will be necessary
to ched: sheet surface conditions at the weld and sO none
destructive tests are not intended to measure any weld condition

which can be observed reliably from the sheet surface.

E. SUITABLE CONPONENTS OF NON-DESTRUCTIVE SPOTWELD TESTERS.

Selection of the most promising test methods in accord=
ance with the requirements of an acceptable test listed in
Section II and the facts presented in this section has resulted
in the choice of (a) the radiographic test method, and (b)
the penetrator and ring eclectrode tests, for further develop=-
ment,

 the radiographic test provides an indication of weld
nugget shape, diameter, and penetration, as well as evidence
of defeéts. It is definitely non-destructive, and by develop=
ment eould be made to satisfy the requirements of an accepbtable
test.

The simplest non-pradiographic test would consist of:

(a) a penetrator measurement of nugget diameter, (b) an electrie
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cal measurement of the total bonded area, and (c¢) if desired,
an eddy current measurement of the extent of ecracking and
porosity in the weld nugget.

The remaining sectiong of this thesis present details
of the development of equipment, technigue, and procedures for
interpreting the measurements obtained, for the radlographic,
penetrator, and electrical non-destructive tests. Results of
test messurements on several hundred industrially prepared

spotwelds are included,
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V. DEVELOPHENT OF PENETRATOR AND RING BLECTRODE TESTS.

For laboratory trials with the penetrator and ring
aelectrode tests, careful alignment of penetrators, electrodes,
and probes, and measurement of loads, deflections, currents,
and potentials were required., 3ince it was found impractical
to hold the component parts by hand, vise, or wooden frame,

. a machined steel press was designed and.built. This machine
has served for all penetrator and electrical spot weld tests
to dates

Ae DESIGN AND CONSTRUCTION OF SPOTWELD TESTING MACHI NE#1

Spotweld Testing Nachine #1 is a laboratory device de-
signed to test the principles of thé penetrator and electri-
cal non=destructive tests. It has not been designed to take
extensgive structures, but will bhandle standard shear test
panels with spotwelded lap joints, Compact construction was
uged to avold excessive dellections of the frame of the maw
chine under loading, The machine combines two test opera-
tions in one sequence, namely: two side ring penetrator tests
of the nugget dlameter, and two side electrical tests of the
total area of bonding., Figure 52 shows the entire machine.

Por the pring penetrator test, a hydraulic jack (a) applies

loads measured by weighing Llock (b) and indicated on dial

gauge (¢) to the moving pressure cylinder (d) which slides



FiG. H2. SPOTWELD NON—DESTRUCTIVE TESTING MACHINE NO. ]l.

A. HYDRAULIC JUACK. H. ANVIL INSERT. O. CONTACT TIPS,
B. WEIGHING BLOCK. |« ANVIL—LOWER. P. Q. DIAL GUAGES.
C. LOAD DIAL GUAGE. J. BALL PENETRATORS—UPPER. R. PISTON CAP.

D. MOVING CYLINDER. K. ANVIL INSERT. T,U. TERMINALS.

E. CYLINDRICAL GUIDE. L. ANVIL—=UPPER. V. MICROSWITCH.

F. FRAME. M. TOP PLATE.

G. BALLPENETRATORS—LOWER. N. PROBES.

Fi1G. 52A. SIDE VIEW OF ASSEMBLED MACHINE. Fie. 528.

DETAIL OF MACHINE, DISASSEMBLED.

FIG. H2C. DETAIL OF ANVIL AND PENETRATOR F1e. 52D. DETAIL OF WEIGHING BLOCK.
ASSEMBLY

FiG. 53. RING PENETRATOR ASSEMBLIES USED F16. BU. RING ELECTRODE ASSEMBLIES USED ON
ON TESTING MACHINE NO. 1. TESTING MACHINE NO. 1.




115
in an accurately machined eylindrical guide (e} supported by
the frame of the machine (f)}. The ball penetrators (g) are
carried on removable anvil inserts {h) held by a set screw in
a socket in the anvil (i), and are carefully aligned on the
axis of the moving cylinder, -Similar penetrators (j) are car=
ried on the anvil insert (k) in the upper anvil (1l). This
anvil is set into the top plate (m)which is securely fastened
to, but electrically insulated from, the £frame (f). These
upper penetrators are carefully aligned with the lower penetra-
tor balls on the moving cylinder. Probes (n) slide freely in
the anvils, and have replaceable contact tips (o) which pass
through small holes in the anvil inserts (k). The heads of
these probes are in contact with sensitive dial gauges (p) and
(q) fastened firmly by posts to the top pbate (m) and the
plston ecap (r), respectively, These gauges measure the penee
tration of the pénetrator balls under loading. In operation,
the spotwelded panel i1s inserted between the head and the moving
cylinder aﬁd the spotweld is carefully centered under the
penetrator assembly; Loads are applied as desired,

For the two side electricat test, either the anvil ine-

serts carrying the ball penetrators, or similar insebkts with
circular ring penetrators (s) may be used as electrodes, Elece

tric current from an external direct current current generator
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is introduced into the top plate (m) (which is insulated from
the frame) at contaet (t). This current flows from the upper
penetrator or electrodé (j)’thraugh the weld to the lower
eleckrode (g), and leaves the machine through the terminal (u)
on the moving ecylinder. The current then returns to the gene=
rator through an external ammeter and control resistance. The
potential drop across the probes (n) is messured by a low
resistance microammeter. These probes are carefully insulated
from the anvil inserts. HMicroswitch (v) on the welghing block
{(b) is inter=locked with the current switeh to prevent the
switehing on of current with inadequate electrods pressure.

The ring penetrator assemblies used on Testing Hachine

#1 are shown in Figure 53, For laboratory tests, 1/16" di-
ameter hardened steel balls (commerciallyavaileble for Rock=
well Hardness Testing lachines) were used as penetrators.
Calibrated sharpened steel points (commercially available for
use in the Barcol Impressor) can be used to obtain equ1Valeﬁt
penetrator tests with much lighter applied loads. The pene=
trators are mounted con cirecles of dlameter chogen 10 correspond
to acceptable spotweld nugget diameters in various gauges of
aluminum alloy sheet, and are supported on hard steel anvil
inserts. These inserts may be quickly exchanged when it is

desired to test spotwelds in different gauges of alloy sheet,
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The ring electrode assemblies used on Testing ¥achine

#1 are shown in Figure 54, ‘he electrodes are circular cone-
tact areas of diameter slightly larger than the total bonded
areas of acceptable spotwelds ineach sheet thickness. These
electrode unitw are of the same dimensions as the penee

trator anvil inserts and may be used interchangeably in Testing

Machine #1l.

Be Prineiple of Operation of lachine

The ring penetrator tests of spotweld testing machine #1
are based upon resulits of the penetrabtor profile tests shown
in Figure 34. From these tests it was found that the typiecal
penetration profile had the characteristic shape shown in ¥i=-
gure 55, The ring penetrator units of spotweld testing ma=
chine #1 are designed with the diameter such that the penee
trators fall on the points A«i of the penetrator profile curve
for normal good welds in each gauge of aluminum alloy sheet.

If the weld nuggets are smaller than the normal acceptable weld
nugget the penetrators fall outside the weld nugget over the
tempered parent metal, at points on the penetrator profile

curve ldentified by B=B, If, however, the nugget is larger

than the normal size, the penetrators fall over the center of

the nugget and the indications correspond to the points (-0 of
the penetrator profile., Sections through typlcal weld nuggets

of various sizes in ,040" 248t Alelad sheet are shown in Figure 56
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with the indentation df the ying penetrator test visible-
on the macrographs. ‘The penetrator test indfcation is
shown foxr each of the welds. It may be seen that the penetra-
tion of the ring penetrator measures weld diametexr sensitively
and reliably, ané¢ that small weld nuggete are differentiated
from large weld nuggete by significant changee in indication.
The ring electrode two side direct currxent test of spot-
weld testing mwachine jf1 are based upon preliminary tests of
the two-side direct curxenit method of determining the total
bonded ares at the faying plane. (See Section IIIB~1 and
Figures 9, 10 and 1ll)s Macrographs of the faying plane of
typical spotwelds of various sigzes in (040" 24 8T Alclzd
sheet are shown in Figure 57, with the indication of the
two~side electrical test shown for each weld: It may be secn
that the electrical test indications corrxelates with the total

bonded area of the spotwelds

Ce Procedure in Operation of Machine

To conduct non-destructive tests of spotwelds the machine
is firet calibrated for penetrator testes by ueing a block of
homogeneous material ol knoun hardness,* and applying & fixed
load by means of a hydraulic jacks The penetration is measured
on top and bottom dial gauges and compared with previous
resulte on the same test block. Any change of shape in the
penetrators can be'observed and the penetrator balls (1/16"

diameter steel balls, identical with those used in Rockwell

# == Rockwell Hardness Testing Machine calibration blocks
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Hardness Testing Nachines) may be replaced, if necessary.

Before conducting electrical tests, the electrical system
is checked by applying a fixed current to a eimilay calibra-
tion block of known thickness and resistivity and comparing
the potential indication with that obtained previously.
Corxecctions are made if indications are abnormal. 7These checks
snould be made before beginning a new set of tests and after
every two hundred welds testeds

After the calibration of the machine, a spotwelded panel
is inserted in the gap between the electroces and the first
spotweld is carefully centered under the potential probe of
the head of the tester. A pre-load of fixed amount (200 pounds
with 4-ball impressors) is applied by means of the hydraulic
jack, the load being indicated by the dial gauge on the weigh-
ing block. The indication of each penetrator dial gauge is
recordeds The load is then increased to the full load setting
(1900 lbe. on the 4~ball assembly), and the indication of cach
dial gauge is again recorded. If electrical tests axe being
conducted with the same set of electrodes the direct current
is applied and the potential indication recorded, The current
is then interrupted and the load released so that the welded
panel may be moved and thé’next weld tezted. The sun of the
changes in indication of the uppcr and lower dial gauges b=
tween pre-load and full load is then taken as the indication

of penetration. The ratio of the total testing current to
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the potential indication is taken as the indication of bonded
aresz at the faying plane. For greater senéitivity, gurrent
electrodes of diameter larger than that of the penetratoxr ring
may be used to indicate the total bonded area, in a separate
direct curzent test following ihe penetrator test.

Aven on the laboratory testing machine, a weld may be
tested in lesgs than a wminute, reading all dials and meters
by eye. For production measurements, a machine capable of
taking any shape of struaturé which can be spotwelded could
be used for the same méaau:emeﬁts. The pre«load and full
load could be applied automatically by connecting the loading
pistons to sources of low and high hydraulic cr’air Pregsurcst,
ani by recording the deflection of the weighing block and of
the penetrator incicators by means of magnetic oxr electric
strailn gauges. All this might be controlled automatically by
simply pressing a button to initiate the sequence of operation
and ovsexving resultant indications on & recording instrument
0or indicator device. The only portion of the test which is
inherently slow is the centering of the spotweld under the
testing assemblys, By far the greatest portion of the time
required in the testing operation would be reguired for tuis
item alone. With such a machine, it should be possible %o

test 10 to 30 spots a minute without d¢ifficulty.

De Resulte of Tests

Testing lMachine #1 has been used under several conditions
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in the testing of spotwelds in aluminum alloy sheets. Various
penetrator arrangements have been employed and several gauges
of sheet tested. The first arrangement consisted of ;hree

. hardened steel balls placed equidistant on the peri-
phery of & circle (See Pig. B3A)e Tests éhowed this device to
be capable of discriminating weld strength reliably on welds
of noxmal shape (See Figures 5 and 58) but on welds of type B4,
(See Fig. 3), erroneous indications resulted because of the
irregular shape of the areza of bonding. Improved assemblies
with four and six balls placed on the circumference of the
eritical circle showed improved performance (See Fig. H3B
and 53C)es ILikewise, the use of circular electrodes of diameter
larger than the penetrator circle as electrodes for the elece
trical test rezulted in an improvement in the measurement of

the area of bonding ( See Fig. H4A to 54C).

The diameter of the weld nuggets is measured 1o within

plus or minus 10 to 15% by the penetrator test alone as shown
in Fipure 59, typical of results on several hundred spotwelds
made in different West Coast aircraft factories under normal
incdustrial conditions of welding. These tests prove the
machine to be capable of measuring weld nugget diameter
reliably. It iz bhecause of the reliability of this measure-
ment that the machine is capable of measuring the strength of

the welds
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the static sheax strength of the spotwelds is measured

to plus or minus 10% by the penetrator test alone in the

range for which penetrator ie adjusted as shown in Figure 60

on the same sets of industrially made spotwelds, This measure-
ment compares favorably with the coxrelation between the
strength and spotweld nugget diameter shown in Figure <41 forx

the same sets of spotwelds., It is seen that the penetration
test measures weld strength with an exrror equal to only twice
the median erroxr in the c¢orrelation between weld nugpet diameter
and strength. This gquality of measurement in itself is ade=-

quate for the non-destructive testing of spotwelds in industry. .

The total area of bonding at the faying plane is measured

to plue or minus 10% by the electrical test (See Pig. 61), Be=~
cause of the variation in the nature of the corona bonding and
the difficulty of visually measuring the corona srea on the
pulled welds this correlation is appreciably less accurate than
that between penetrator tests and nugget size, The direct cox-
relation between electrical test indications and spotweld sta=-
tic shear strength is poor because the test does not discriminate

the type of bonding at the faying surface (See Fig. 62).

The static shear strength ol the spotwelds is measured to

plus or minus 10% by the combined penetrator and electrical taest
incications (Bee Fig., 63). The total strength is determined in

accordance with the relation given in Section IV-D,
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F16. 60. MEASUREMENT OF STATIC SHEAR STRENGTH OF SPOTWELDS BY PENETRATOR Tasf,
USING 4 BALL PENETRATOR ASSEMBLY.
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FIG. 61. CORRELATION BETWEEN ELECTRICAL TEST INDICATIONS AND THE TOTAL AREA OF

BONDING AT THE FAYING PLANE OF THE SPOTWELD. TESTS MADE WITH RING ELECTRODES ON
INDUSTRIALLY-MADE SPOTWELDS.
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The welds used in the tests on which Figures 59 threﬁgh
65 axe based ihcludeé 5 large number of laboratory welds, later
found to be excessively porous and defective, Results af tests
on moere than 2000 welds ma&e under productien eahditiona in.
aircraft factories are indicated in Bection VII, and indicate
these tests to be more accurate and reliable than was indiaated

by the initial tests.

Be QConclusions Based on Resulis of Tests of Teatiﬁg,“éahine #1

ls The xing penetrator test alone can be a reliable

measure of weld nugget diameter. It measures the
¢omponent of w&lﬁ_sheax strength due to the nugget
with neaxrly a8 much accuracy as does the diameter

of the nugget observed by destructive sedtianinga

It does not measure the éomponent of weld strength
supplied by Alclad bonding (an unreliable contribu=
tion) and so, properly calibrated, gives conservative

predictions of weld strengthe

2 ‘The electrical teast alone measurxes the bonded

area to a moderate degree of sensitivity. By it-
self it ie not a reliable measurement of weld sheax
strength, for shear strength is not measured reliably
by the total area of bonding. It does detect welds
whose faying &uxfaée has bonded pooxrly or whose

bond has been broken after welding, with absolute



reliability., It makes posgible an estimate of the
contribution of corouma bonding to the weld sheax
strengthy, and so0 is a valuable supplement to the

ring penetrator tests

Se The chief limitation on the accuracy of all
forms of wmeechanical and electrical tests sensi-
tive to weld size resulis from the difficulty of
locating the centexr of the weld bylabservation of
the outer surface of the welded sheet. The weld
may not be centered undexr the welder electrode ine
dentation, Thus the majoxr portion of the testing
time is required to locate the tester above the
weld, while the test itself may be neaxly instane
taneous, Automatic profiling to locate the weld
accurately requires elaborate apparatus and in=

creased testing time.

4e Other limitastions result from the fact that
penetrator indications depend upon alloy, heat
treatuwent, and sheet thickness. Calibration
must be wade on that alloy and heat treatment
being inspected, with & penetrator ring of dia=
meter suited to spotwelds in the given gauge of

gsheet,

124
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F. 2Zroposals for Practical Forms of Spotweld Testexr
Gxperience with Spotweld Testing Maechine #1 has indicated
principles and practicel design forme for none-destructive spote

weld testers.

l, Proposed Hand Testexr A is a small portable pene«

txator tester, similar to devices now on the market
for hand hardness testing of homogeneous materialse ¥
A ring of sharpened calibrated penétratore is spring
loaded by hand pressure to make a éneéside ring penee
tratoxr teest equivalent to that of Yesting Machine #l,
{(See Tige 64)e (By using small diametéx, shaypened
probes, a great reduction in load is obtained for

penetrations sensitive to weld nugget presence.)

This is a direct measurement of nugget diameter,

The device must be calibrated on the alloy and
temper of sheet_to be testeds A change to ring
penetrators of different diawmeter is required

when spotwelded sheet of greatly different thicke-
ness is to be testeds Froperly located above each
weld, the hand tester should be nearly as reliable

as the penetrator test of Testing iachine #l.

2s Propesed Production Tester B is intended for

production line use-~possibly directly after the

spotwelding operation<-with welded parts being

% = The Barcol Impressor, available from Barber Colman Company,
Rockford, Illinois,



Fic. 64. HAND HARDNESS TESTER SUITABLE FOR PENETRATOR TESTS OF SPOTWELDS IN
THIN ALUMINUM ALLOY SHEETS. (BARCOL IMPRESSOR — — BARBER COLMAN CO.)

FiG. 65. SKETCH OF MECHANICAL PROOF TESTING TOOL.
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brought to the tester. It is equipped with a throat
and press or rocker arm of dimensions equivalent to
the welders it sexves, so thal any weld made on the
weldexrs can be tested on it. Two-side ring penetra=
tor and electrical testes are automatically carried
out and recorded each time the operator presses the
foot switches Air loading and strain gauge recording
make possible tests as rapid as the spotwelding
operation iteelf. Strain gauge load measurements,
with pre-load and full load applied by airx preséure
and strain gauge penetrastion measurements, could be

recorded automatically, or actuate indicator devices.
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V1 Development of Radiographliec Ingpection Methods.

At the time this research was beguny radioe

graphy of gpotwelds had been proposed as a nonede«

structive method of inspection, and spotweld radio-
graphs of high quality had been obtained in.research
investigations. Long exposures at low voltages with
fine graln Xeray film were found necessary to obbtain
adequate contrast and definition in spotweld radio=-
graphs made with standard X-ray equipment. Although
such radiographs showed cracking and porosity (when
present) in spotweld nuggets, and in most cases
showed rings which might possibly be correlated with
weld mugget dlameter, the nature and extent of the
bonding at the spotweld faying surface were not re=-
vealed. Not all investigators agreed as to whether
or not spotweld strength and quality could be de=
termined reliably from spobtweld radiographs, The
limitations and the feasibility of the method for
practical industrial inspection of spotwelds had not
been established, as evidenced by the fact that
radiogryp hic inspection of spobtwelds in aluminum
alloys had not been widely adopted in the aircraft
industry, despite the great need for a non~destructe

ive test for spotwelds.,
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The development of practical radiographic
spotweld inspection reguired:;
1. The development of radiographic technique 80
that spotweld radiographs of accepbable contrast and
definition could be obtained using available come
mereial Xeray wquipment and films, with exposure
times as short és a few seconds per weld,
2+ The development of reliable procedures for inter-
preting spotweld structure, size, shape, quality,
st%ength, and defects from radiographs, and
3« ‘The application of radiographiec inspection to
thousands of spotwelds from many industrial sources,
to determine the validity, reliability, and accuracy
of the radiographic method of spotweld inspection,

Ae Technuque of Spotweld Radiography

1. X-Ray Equipment:

No radiographie equipment sultable for spot-
weld inspection was avallable at CGalifornia In-
stitute of Technology. Arrangements were made
for the use of egquipment of Triplett and Bayr-
ton; Incorporated, of Burbank, California, and
for the cooperative services of an Xeray ene-
gineer and physicist, |

Calibrated production ieray unit No. 6
(150 Kvp. Triplett and Barton, Incorporated,
equipment with rectifier) (see Fig.66) was



Fic. HO

PRODUCTION X—RAY EQUIPMENT
USED IN THIS RESEARCH.

A. PRODUCTION UNIT
B. TuBE AND TRANSFORMER
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used for thils research. Standard operating
conditions of 10 ma. beam current and 36 inch
source~film-~distance, with voltage selected
from calibration charts to give optimum con=
trast with the alloy, material thickness, and
film used, were employed for all regular tests.
2. Selection and Calibration of X-Ray Film,

Preliminary tests of 80 experimental and
commercial X-ray films resulted in the selection
of Triplett and Barton Incorpofated, Type 60
(commercially available as Hestman Type M) film
for all succeéding tests., This film 1s a high
contrast, fine grain type for use without screens.
Por all spotweld radiographs, this film was
wrapped only in black photographic paper lead=
backed to prevent backegcatter and placed in
intimate contact with the welded sheet.

A complete calibration of this film on mace-
"hine No.6, with 248t alloy in thicknesses from
0.,01" to 0.25", was completed with the results
shown in Appendix I. Due to the inherent fil=
tration in this Xeray source, optimum contrasi
was obtained in the range of 30 to 45 primary
volts (approximately 30 to 45 KVP,). Vith
gpotwelds in .0Q40" sheet, the radiographic con=-

trast was approximately 0.6%, and the film den=
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sity about 2.7, for 835 second exposures at

10 ma, 36" source-film~-distance, 36 primary
volts. These exposure conditions were used
for all welds in ,040" 24s* alloy, withan
effective field 14" square at 36" source-film=-
distance.

3. Radiography of Specimens:

Trizls made throughout the range of sheet

thicknesses from 016" to ,091" in Aleclad 2487

alloy indicated that with thickef sheets, Op=
timum radiographs could be obtained with shorter
exposures, with higher contrast than could be
obtained with thin sheets, All gauges were
radiographed adequately for reliable spotweld
inspection on this equipment.

Exposures of normal welds in .040" 2437,

2430, 330, and.k61SNallaz§‘indicated that the

standard exposure conditions were near the op~
timum contrast for each of these alloys. (3ee
Fige. 67) 248 alloy, with its 4% copper content,
provided the sharpest spotweld radiographs.

The effect of placing the film varying dis-

tances behind the welded specimen was investiw

gated, with the resulits shown in Fig., 68. With
a 36 inch source-film-distance, the film could

be placed as much as 2 inches behind the welds



A. 24sT ALLCY

B. 24s0 ALLOY

.09

C. 3s0 ALLOY

D. 61sw ALLOY

F16.67. RADIOGRAPHS OF NORMAL SPOTWELDS IN .QU4O" SHEETS OF
2UsT, 2U4s0, 350, 61SW ALUMINUM ALLOYS.



Fic.68. EFFECT OF PLACING RADIOGRAPHIC FILM VARYING DISTANCES
BEHIND THE SPOTWELDED SHEET.

F1G.69. OSTEREOSCOPIC X—RAY VIEWS OF A SPOTWELD NUGGET CONTAINING
CRACKS. -

6.8" 4., 35" ON 6.8"
LEFT LEFT AX1S RIGHT

Flg. q0. EFFECTS OF PLACING SPOTWELD OFF THE AX1S OF THE X—RAY TUBE.
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without noticable loss of definition or en=-
largements Uith the f£ilm 8" behind the sheet;
noticable enlargement; accompanied by loss of
flefinition, occurred. Thus it is not necessary,
for the film to be in intimate contact with

the weld, despite published statements to the
conérary.

Stereoscopic i~ray views of a spot weld

were obbained (see Figs. 69) by two exposures,
the specimen having been moved between exposures
to obtain this effect. Viewing these radio-.
graphs with a stereo=lens viewer, the observer
sees a three dimenslional image, in which the
cracks above and below the faying plane can be
diseriminateds It is not probable that stereo
spotweld inspection would be useful in industry,
as very little new information is obtained from
second exXpoOsSUTre.

The useful field at the standard source«{ilm=-

distance was inﬁestigated, ag shown in Pig.70.
Purther than 7 inches off the axls of the beam,
the effective irradliation was reduced sufficiently
to lower film denslity and reduce radiographic
contrast noticeably. OSome loss of definition

also occurred outside the useful field (14 in.

sqUare., )
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A special tube with fine foeal spot (less
than 0.7 m.m. square), and thin inverted bubble
glags windog, target shield, and short filamente
target distance was employed in a series of exe
posures to determine the minimum source-film-
distance permitting ascceptable definition, aidd
the minimum exposure providing adequate con=-
trast and density (2.5)., IExcellent radiographs
were obtained (see Plg. 71) at source-film dis=-
tances of 16", 8", 4", and 2", with 30 EVP,

10 ma,.; and exposure times of 310, 78, 19, and
4,7 seconds, respectively. In the latter case,
the field covered was of 5/8" diameter, and
the enlargement was 4.5%. Negligible loss in
definition occurred, These results demonstrate

that it is practical to radiograph individual

spotwelds adequately with exposure times as

low as O seconds, using short souresufilm dig=

tances, portable light weight equipment, and
complete protection for personnel against Xerays.
With type M film in dental cassettes, a prac- |
tical, low cost spobweld radiographic inspech=
ion of aircraft on the production line becomes

possible, with this technique,
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8 Inches 8. 7. D.

Fige 11.
weld Radiogreaphy.
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liffect of Varying Source Film Distance In Spot-
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In addition to the short source~film=dise

tance technigue for inspection of individual

spotwelds, many production assemblies can be

radiographed on production equipment at large

source~film=distance with resultant large field
coverage. Fig. 72 shows a part of a single
exposure: including several hundred spotwelds
in an experimentally spobtwelded tail boom of

a pursuit ship. 7Iwo prints were needed to
reproduce the full range of the X=ray film,

for the two layer and three layer welds resw
pectivelys., This is an example of a primary
aireraft structéire which could be readily ra-
diographed,

Bs Interpretation Of Spotweld Hadiographsg:

The following spotweld properties and defects
{(when present) can be interpreted from properly made
spotweld radiographs:
| (1)Structure, including the granular and den=
dritie zones of the weld nugget, the boundary
between cast alloy and parent metal, segregas
tion of copper rich mabterial within the nugget
and of eutectic in the parent metal.
(2) Geometry,inecluding the diameter and shape
of the weld nugget in the parent sheet near

the faying plane, thickness or penetration of
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F16.“TZ. RADIOGRAPHS OF SPOT WELDS IN TAIL BOOM OF A PURSUIT PLANE.
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the nugget into ﬁhe parent sheet, contour of
nageet wall, diameter and shape of corona ring,
location of segregations within the nugget,

and in the parent metal outside the nugget, and
the geometry of crucks, porosity, inclusions,
and expulsion of metal,

{3) Defects, including absence of weld nugget,
inadeguate penetration (or doughnut welds),
undersize weld nuggets, excessive penetration

in oversize weld nuggets, craciing, porosity,
inelusions, expulsion at the faying plane, sege«
regation of eutectic corresponding to excessively
large heat affected zones, mis~shapen welds,

and excessive tip skid.

(4) Strength,in normal welds free of undesir=-
able defects and excessive Alclad inclusions,
which can be reliably predicted from weld nugget

ZRAL ST =N

1. Interpretation of Features of Spotweld Radiographs.

a. Prominent Dark Ring A=f, shown in Fig., 73 and succeed-

ing radiographs, indicates spotweld nugret diameter and

shape. It occurs because the boundary zone between the
cast weld nugget and the parent metal is radiographically
less dense than either the body of the nugget of the paren
nugget or the parent alloy. Thus a larger pprition of

the incident X~rays pass through the metal in this region

B
Lo 14



Weld 25 Weld 37

Section Macrographs

Pig. 73. Typical Spotweld Radiographs, With Radiographs
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and Macrographs of Weld Sections.
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Figure 73,

Contt'd,

Cross Section Radiograbh
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than eleewhere, with consequent additional aarkening
of the film. ‘

This dark ring is invisible if the weld‘nugge% is
abgsent (see weld P12, Fig. 74 and Veld Fe1l67, Pig.75)
or if the radiograph is improperly made. The dark ring
may fade or disappear if weld nugget penaﬁration is very
low (below 10% to 20%) (See Weld F=19, Fig. T4).

The dark ring becomes more dense as the vertical pro-

jection & the nugget wall increases, i.,e. as nugget
penetration into the parent sheet indreases, or as the
wall becomes steeper. (see welds 37 and 73, Fige 73)

The width of the dark ring increases as the mugget
wall becomes less verticals. (Compare telds 25, Flg. 73,
and F=19, Fig. 74 with welds 37, Fig, 75 and F-72, Fig.74)

The diameter and shape of the dark ring correspond

faithfully to the outline of the vertical wall of the
nugget, which reaches a maximum diameter 1n the par@nt 
sheet near the faying plane. The actual diameter of

- the weld nugget at the faying plane may be considerably

reduced from the outline indicated by the dark ring

by excessive Alclad inclusion. (However, in production
welds, excessive Aleclad inclusions usually occur only
in welds of low penetration, which would be rejected).
(See entire sequences of Figs, 73 and 74 for change of
dark ring diameter in correspondence with changes In

nugget diasmeter). See especlally lelds =42 and F-44,



FIG. I8 — PART | ??

WELD F12 — STRENGTH O WeLDp F—=19 STRENGTH
260 POUNDS

Fi16. 12. MACROGRAPHS OF FAYING SURFACE (A), secTioN (B), AND ENLARGED
RADIOGRAPHS (C) OF TYPICAL SPOTWELD SPECIMENS (10 DIAMETERS, EACH SCALE
DIVISION =0.01")



FIG. J4 — PART 1|

WELD F—H6 STRENGTH

WELD F—39 STRENGTH

H0O0 POUNDS

230 POUNDS



FIG. 98 — PARY 111

WELD F=72 STRENGTH WeLD F—76 STRENGTH
580 POUNDS 560 POUNDS



FIG."1¥ - PART 1V

NG ﬂrs':_ -

WeLD F—90 STRENGTH WELD F-112 STRENGTH



WELD F—=122 STRENGTH WELD F=126 STRENGTH
840 POUNDS
1385 POUNDS



WeLp F-16

FELL APART

Fi1G. 13. MACROGRAPHS OF FAYING SURFACE (A), SECTION THROUGH NUGGET
BELOW FAYING SURFACE (B) AND ENLARGED RADIOGRAPHS (C) OF TYPICAL
SPOTWELD SPECIMENS (10 DIAMETERS. EACH SCALE DIVISION =0.01")
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FlIG.

WeLD F—=30 STRENGTH 200 POUNDS



WELD F—42 STRENGTH 330 POUNDS



FI1G. 1% — PART |

WELD F—U43 STRENGTH 310 POUNDS
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WeLD F—U4U STRENGTH 260 POUNDS



WeLD F—62 STRENGTH U460 POUNDS



— PART VII

FIG.

WeLD F-83 STRENGTH H7H POUNDS



RT VIl

o
>

WeLD F=100 STRENGTH 605 POUNDS



FIG. 1% — PART IX

WeLD F=117 STRENGTH 850 POUNDS



WeLp F—133 STRENGTH 880 POUNDS



PART Xl

WELD F-=134 STRENGTH 1200 POUNDS
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Fig. 75, for correspondence of sghape of dark ring ts shape
of weld nugget just below Alelad layer at faying plane.)

b. The outer boundary BB of the uniformly light area shown

on Fig. 73 and succeeding radlographs, delineates the outer

boundary'ef the corona region at the interface. (See entire

sequence of Fige. 74.) It usually resulis from changes (due
to heat and pressure) in the Alclad layer at the interface,
and is most evident when material of the #lelad layer is
pressed away from the nugget region, spreading the sheets
and £illing in the interfacial volume as shown in the secw
tions of Vields P«l9; Fe39, F«56 and others of Pig, 74.

The boundary B-B need not necegsarily be the outermost

ring of the spotweld radiograph-~in some cases, the scal-
loped white ring C«~C resulting from extruded pools of eu~
tectic may be outermost. DSoundary BB can usually be rec-
ognized by its relatively smooth contour and npearly uniform
density. |

It is not necessarily true that the diameter of boundary
B=B bears any fixed ratlo to the nugget diameter-~as shown
in Veld F-12, Pig. 74, which has no nugget, yet has a faint
boundary B«B due to small effects in the Alclad layer at
the interface. (See also Fig. 42, showing measurements.
for a single group of welds in which the ratlo of the cor-
ona diameter to the nugpet diameter varies from 2:1 to 1l:1)

c. The scalloped white ring C-C, shown prominently on Vield

73, Pig. 73 and on VWelds F=-112 and F~122 of Flg. 74, indli~

cates the presence and location of radiographically dense
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pools and stringers of eubectic in the parent metal outside

the weld nuggets These stringers and pools of eutectiec are

shown clearly on the radiogrsph of a vertical section of the
Weld 73 6f Pig. 73, and are seen to lie in the parent metal,
near but not necessarily at the faying plane. Occasionally
guch a condueting channel for the low melting alloy breaks
through to the Alelad layer at the interface, forming a
blister or bubble of eutectic between the Alelad layer and
the parent metal.

The pools and stringers of eutaptic usually become prom=

inent only on higher energy welds, and may be taken as eviw

denee that the parent metal has been weakened along these
channels out to the boundary C-C, The effect is probably
gynonomous with that of an excessively large heat affected
zone outside the weld nugiet. The condition 1s evidence of
excessive heat in the weld, and usuelly accompanies over=
size nuggets with excessive penetration,

On low energy welds the scalloped white ring C-C is usually
abgent, since little or no extrusion of eutectic has occurred.

d, Light Zome D-D, just inside dark ring A-i, shown on welds

37 and 73 of ¥ig. 73 and visible on most spotweld radiographs,

seems to correlate with the columnar zone of the weld nugget.

here the dendritic zone is broad and thiek in vertiecal sectim,

the light zone D-D is clearly evident on spotweld radiographs.,
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Attempts to correlate either boundary of Zone D=D with the
inner extremity of the Alelad inclusion have failed. In
general, variations within zone D-D seem t0 mask radiographic
images of the Alelad inclusion, so that the latter cannob

be reliably detected.

On rare occasions, segregation of coppersrich material
occurs prominently within the spotweld nugget, resulting in
light radial striations. (See Weld 100 Fig. 73). This cons
dition oeccurs as weld heat is increased toward the limit at
which eracking occurs in the nugget.

Zone D-D has no proven significance in predicting weld

gtrengbh or quality, as no correlation has yet been obtained

between weld strength and differences in the cast structure

within the nugget.

¢« Dork Zone Bel in the center of the nugget, inside the inner

boundary of the light zone D-D, shown on iWelds 37 and 73 of

Figs 73, possibly correlates with the granular zone of the

weld nugret. It has no proven useful signiricance in ine

terpreting weld guality. The effect of sheet indentation by

the electrodes of the spot welder is also occasionally evie
dent in a gradual darkening of the image as the center of

the weld is approached, However, in s pecimens whose outer
surfaces have been ground flush and parallel, the darkening is
still evident,

Zones D=D and E~E may vary greatly in shape and densitye



139

With misshapen nuggets, such as Fuéz-and Fwdd of *ig. 74, these
variations are obviously correlated with nugget shape; appar=-
ently still following the demarkation between granular and
dendritic cast structure in the nugget.

fo Cracks and Porosity in the weld nugget appear as prominent

black markings FeF' often radiasting spokewise from the center

of the nuggebt. They are actual voids, hence more X-rays. pass
through those parts of the spotweld to produce intense blacke
ening of the radiographic film.

Cracis uswally are the result of excessive heat or inade=
quate tip pressure during welding. There is no svidence that
cracks reduce the statie shear sitrength of spotwelds. Recent
tests indicate that cracks may reduce the fatigue strength
of spotwelds in stressed attachments. |

gs Segregation of copper rich material withln the weld nugget

appears as light (usually radial) striations G=G. (See veld

100 in Fig. 73)s These light striations result because the
segregated material is radiographlically more dense than the
surrounding cast alloy of the weld nugget.

The condition of extansive segregation within the nugget
is relatively rare. It occurs in large nuggets which have
been subjected to more than normasl heating, often under con=
ditions close Lo those producing ecracking. Possibly the
copper rich materlial gathers in inciplent cracks--radiographs

have been observed in which a network of blaciz cracks (voids)
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conneected to & network of light striations within the nugget.

There is no experimental evidence to date to show thét the

segregation within the nugget weakens the weld. However, the
condition is undesirable, since it occurs on the borderline

of excessive weld heatling which produces cracking and an eXe
cessively large heat affected zone outside the weld nugget.

he Expulsion of metal ("spit™) at the faying plane HeH appears

as an irregular light area outside the normal weld region
(See Veld F«126, Fig. 74 and weld F=133, Fig. 75) with the

characteristic shape of expelled material seen on actual

welds. It is easily recognized, and occurs usually on welds
made with excesgssive heat, insufficient electrode pressure,
or improperly prepared sheet surfaces.

-In general, welds with "spit” are found to be of lower
strength than normal welds made under simllar conditions.

i, liis-shapen welds, characterized by irregular or oval-

gshaped nugeget boundaries (dark ring A-i) are easily recognized,

(see welds F~42 and P-44, Fig. 74, also examples in Figure 72)
Such miseshapen welds usually result from improper or nonw=
uniform sheet surface preparation, from dirty or misshapen |
welding electrodes, or other local inconsistencies. Although
individual mis-shapen welds may have adequate strength (if
nugget area at the faying plane is adequate), the conditions
producing mis-shapen welds also produce weak and defective

welds. Hence this condition is undesirable.
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j Excessive tip skid may be evident on the radiograph by a

marked difference in the denslty of the uniform light area
normally representing the cofona and bounded by B=B, as shown
on several of the tw§ layer welds of Fig. 72, The marked
lightening of this zone on one side of the weld results from
the increased thickness of Alelad material on the sheet
surface, pushed up as & result of tip skid. This condition
should be checked by examination of the surface of theastudl
welded part.

Tip skid 1s undesirable because 1t may introduce ine-
- consistent pressure conditions during welding, and usually

introduces locked=-up stresses in the welded part.

Ce Inspection Procedure:

Radiographic inspection of spotwelds 1s a useful
supplement‘té, bus not a replacement for, process control
and visual inspection. It provides the inspector with far
more complete information concerning the weld than does
visual inspection., This information should be used by the
inspector in exactly the s ame menner as egquivalent informa-
tion obtained by destructively sectioning speecimen welds would
be used. No change insbandards of weld guality and strength,
as established through specifications and industrisl ex= |
perience, is required.,. Radiography simply provides more
complete information on which to base judgement of weld quail-

BEFrer
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To furnish a reference standard for the analysis of
weld quality in any given factory, a serles of static shear
test specimens in each gauge and alloy should be prepared
and radiographed, then subjected to static shear pull tests
and destructive sectioning. In making these speclumens,
normal production conditions should be used, except that one
or more welding variables, such as weld current or energy,
should be varied throusn the widest possible range to obtain
a wide range of strengths and defectss <he significance of
each defect and the relation of nugget size to weld strength
can be determined from these specimens., A table of standard
reference specimens, including welds of each nugget diameter
and penetration, and spécimens of each defect, can be pre-
pared, Such a table should show, side by side, the weld
section, the weld faying surface, and the radiograph for
each weld type, as well as the weld strength and its accept=-
ability. A curve can be drawn relating weld nﬁg@et size
(measured by the dark ring A«A) to weld strength, from which
the strength of production welds can be predicted from their
radiographs. The reference bable gnd curve should be placed
where the inspector can refer to them while examining radio=-
graphs. (Flg. 74 shows such a table of data prepared from
Taylor Winfield welds made at the VYonsolidated Vultee Aire
eraft Corporavivn of San Diego, and Fig. shows the correla=

tion of weld strength to dark ring diameter for the welds,)
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Inspeetion Rules

1. The weld should be rejected i the radiograph shows no

imapge of the weld nugget.

The dark ring A=A outlining the nugget may be sbsent
if there were no weld nugget, if the nugget were of doughe
nut or crescent type with less than 10% to 20j% penetration
(usually possessing large Alclad inclusions), or if the

radiograph were made with improper technique.

2, The weld should be rejected if the dark ring A-A outlining

the weld nugget is too small in diameter to permit the re=

guired weld strength to be developed in the nugget.

Se

Corona bonding outside the nugget should not be relied
upon to provide weld strength, as poor surface preparation
may result in no corona bonding. The nugget dlameter re=
gquired to maintein weld strength above minimum acceptable
standards can be determined from the curve relating weld
strength to dark ring diameter, for the given sheet thicke

ness and alloy.

The weld should be rejected if execessive cracking or por-

osity occur in the nugget.

The limit of acceptable eracking and porosity must be
established through experience, with due regard for the
use for which the spotwelded structure 1ls intended. Crack-
ing is excessive when cracks extend to the sheet surface or

the boundary of the nugget, or when they are such that they
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will extend to the sheet surface or beyond the nugget
boundary under loading. Such extended cracks may intro=
duce corrosion into the weld, or propagate under Ifatigue
loading,

Cracking indicates excessive heat and inadequate elec=-
trode pressure during welding.

Limited dull porosity is probably not cause for re-
jection. Porosity sufficient to reduce appreciably the
effective bonded area at the faying plane, will decrease
weld strength and is cause for rejection. (See Weld 73,
Pig. 73.)

4, The weld should be rejected if nugeet penetration is ine

adeguate or excessive.

Hugget penetration between 20% and 80% of the sheet
thickness is usually considered acceptable,

Inadequate nugget penetration can be recognized if
the dark ring A A is broad, faint, and of small dia=
meter, fading into invieibility locelly, through come
parison with standard specimens with inadequate penetra-
tion; Inadequate pensetration usually results in exten=
sive Alclad inclusions into the weld nugget, with ine-
congistent, poor, or gero bonding.

Ixcessive nugget penetration can be recognized if

the dark ring A A is unusually dense, of large diameter,



and other evidenses of excessive heal, such as a prom-
inent scalloped white ring C«(C,; are present - by come=
parison with standard specimens with excessive penetration.
Excessive nugget penetration may be accompanied by re=
duced corrosion registance or even breaking of the 4ile
clad layer at the sheet surface, and is a definite
cauge of lowered sheet efficlency.

5« Depending upon gquality standards and the use to be made

of the spotwelded structure, the weld may be rejected if

excessively large heat affected zones exist outside the weld

nuggete
Excessively large heat affected zones are indicated
by the presence of a prominent white scalloped ring C-C.
Such zones weaken the welded joint under fatigue loading.
Ge The weld may be rejected 1f exgessive expulsion of metal

("spit") occurs at the faying plane.

4 small, infrequent "spit" may occasionally occur
under normal welding conditions due to an unusual locak
sheet surface condition. Such is not cause for rejection.

Expulsion of large amounts of metal, coupled with
nugget perosity and blackening of the radiograph due to
absence of metal, ls cause for rejection, as such welds
are usually weakened appreciably by expulsion,

7. If the weld is not subject to any of the listed causes
for rejection, if 1t passes visual inspeection, has a normal

radiograph, acceptable penetration and shape, and if the
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nugget diameter is sufficient to guarantee acceptable strength

in the weld nugget, the weld should be accepteds
A normal weld radlograph shows clearly the nugget
outline A4, with width and densibty corresponding to
acceptable nugget penetration, and shows no weld defects.

A nugget diameter sufficlent to guarantee acceptable

strength can be determined from the curve relating strength

to dark ring diameter on standard specimens in the same
sheet thickness and alloy.

8. The features of Zones D-D and B~E in the weld nugget, and

the presence of light striations G-G (segregation) in the

nugeet, have as yet no proven significance in the interpre-
tation of weld quality and strength from radilographs.
9+ The frequent occurpance of misshapen welds, porosity,

and spit may be taken as evidence of improper or inadequale

sheet surface preparation for welding, or of bad tip conditions

during welding.

10. :he combination of very large nugget dlameter. A-4, ex=
cessive penetration, cracking, and excessive segregation

of eutectic in the parent metal is evidence of excessive
current or energy (resulting in e xcessive heating) in the
welding process,

11. The frequent occurrance of eracking and/or of porosity
in the nugyety; even in welds of normal size, is evidence of

inadequate electrode pressure during welding, or delayed or
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inadequate forging pressure.

12. In a structure containing acceptable and rejectable
spotwelds, the use planned for the structure, the location
and type as well as the number of defective welds, and the
probable causes of the defects, must be considered inde=
termining the acceptability of the welded structure.

Primary aircraft structures, whose failure would en-
danger personnel and the plane, should be welded to high
standards. Secondary structures,; whose failure is of
little significance, do not merit the high cost of high
quality welding and inspection.

Weld location is iwmportant. Failure of the end
welds in a row of welds may lead to successive fallure

-~ or "zippering" of the joint, On the other hand, a weak
weld in the center of a large area containing hundreds
of normal welds might do no harm, since usuel practice
is to include many more spotwelds than required b& the
anticipated loads,

A few defective welds among many normal welds may be
harmless; but a few defective welds in a group of border=-
line aceeptable welds might be dangerous.

The type of weld defect may be important as a result
of location or of type of loading, and should be evaluated
with these factors in mind,

Defective welds resulting from bad welding practice,

improper sheet surface preperation, carelessness, or
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eagily remedied causes shou@d not be accepted, befects which
occur under optimum process control and welding conditions
due to small and uncontrollable factors may be tolerated

when no possible demage can result to the struchtwre.
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VII RESULTS OF TESTS ON INDUSTRIAL SPOTWELDS.

A large number,éf industrially made spotwelds from
Southern California aireraft factories were rad&cgfa?ﬁé&,
subjected to penetrator and ring electrode tests, and pulled
to destruction as gingle spot sbtatic shear test stripse
The welds were then sectioned, polished and e tched to dau‘
termine metallurgical structure and weld geometry, The
radiographs and the welds were carefully inspected and meaw
suredy and the correlation between radiographic features and
weld propertles were determined,

The results of tests of three Lyplcal groups of in=
dustrial welds:

1. 166 Federal Spotwelds liade By The Vega Aireraflt Corp-
oration of Burbank, California. |
2+ 100 Taylor UWinfield Spotwelds Made By Northrop Alpre
craft, Inc. of Hawthorme, California,
Ss 138 Téylor Windfield Spotwelds Made By The Consolidated
Vultee Alrcraft Corporation of 3San Diego
and oune group of laboratory welds.
4, 326 Taylor VWinfield Spotwelds lade At the University
of Southern California,,
are now presented in the form of graphs, photograph's, and
tables of data.
For each group of welds, there appear in successlon:
Table I=-=Data On Yonditions of Welding
Fige 1. Gont&ct‘ﬁepraductions of Radiographs of Typilecal
Yield Specimens.



150

Pig. 2. Correlation Between Static Shear Strength and
Net Weld Iugget Area at Faying Plane (measured
on Yields)

Fig. 3. Prediction of Hew Weld lugset Area at the fay«
ing plane by Ring Penetrator Test.

Fig. 4. Prediction of Static Shear Strength by Ring
Penetrator Test.

Figs 5+ Prediction of Net Weld Nugget Area at the fay~
ing plane by Electrical Test.

Fige 6. Preodiction of Statiec Shear Strength by Elec-
trical Test.

Fige. 7+ Prediction of Net Weld Nugget Area by Radlo=
graphic Dark Ring.

FPigs 8, Prediction of Static Shear Strength by Radlo=
graphie Dark Ring.

Fige 9+ Comparison of Accuracy of Static Shear Strength

Measurements by Different Non~Destructive Tests.

Table II=~Comparison of Accuracy of leasurement of Spote
weld Static Shear S8trength By Weld Fugget Diameter and By

Hon=Destructive Testse.

Table III-~Detail of Radiographic Indications,

A« Results of Tests on 166 Federal Spotwelds lade By The
Vega Alrcraft Corporation of Burbank, California, ,040" 2487
Ale#ad Aluminum Alloy Sheet,
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SPUCIMRN DATA B0 CPOTWE.. SPUCIMEES MADE AUGUST 20, 1943 PO CALIFOURIA
INSTITUTE OF TRCHNOLOGY i

LATRRIAL: <040 to 040 2437 Alel=zd _
KACEINE Federal Lyre P2-36~RPR-derial 8919 Condenser Discharge
CLAANING: QOakite #84-4 Time-~12 minutes

HACRIKNE SRITTINGS:

Welds No. Spee.Xo. Kilovolts Condenser Weld  Forge Electrode Electroce .Lpprox.
M P D, Press, Press, Press. Bottom Shear Lb.

QL-12 1% 1.84 800 450 1400 5/16"D2 "2 Felat 175
01322 2 2.80 1000 " " » " 795
028-34 3 1.86 800 ? " " " 229
ﬁ35,46 4 1.97 800 “ " - e 275
04758 5 - 2.05 800 - . " w o Beg
059-70 g 2,20 800 "o " " 375
@71-82 7 2.30 800 oo " " 425
Ggz-94 8 £.48 800 W " 480
095-106 9 2,50 800 " " - W 495
0107-118 10 2.54 800 ™ B s " " 580
0119-130 11 2,65 ~ 800 " " " " 615
0171-142 12 2,75 800 " o " " 689
0143-154 13 2,80 800 L " " 8 ?25

0155-166 14 2.78 1000 % om o 740
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Figure 1., Contact Radiographs of Vega Welds.
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TABLE II

Comparison of Accuracy of Measurement of Spotweld Static
Shear 8trength by Weld Nugget Diameter and by Non-das-
tructive Tests.,

Error in Prediction

Test Method Median Maximum Hpror
) Error For 90% VWields For 100% of Welds
Weld Nugget Diameter 25 Pounds 65 Pounds 205 Pounds
Ring Penetrator Test 55 Pounds 145 Pounds 255 Pounds
Electrical Test 55 Pounds 145 Pounds 305 Pounds

Radiographic Dark
Ring 25 Pounds 75 Pounds 185 Pounds

§




Weld ‘otual
Strength Ytrength

No.

COIOU RO

230
370
320
520
290
230
180
220
290
320
520
650
640
740
620
720
660
640
740
820
330
180
140
180

60
170
1860

320
300
240
540
280
250
230
160
310
260
240
380
130
240
140

Predisted ‘ccentable
Penetration tration or tration and:
and Fomal Undersize

[ S T Y T I T B A R S

758
810
765
730
783
740
740
812

L8 1 8 11

LI S D D I O O |

TLABLE IIX

RAOIOGRAPHEID

INDIS LIONS

Low Pepno-

MO M P MM MMM NN

MMM MM MM ME MR MNMNEMMNN MM KR NNN

High Pene-

Oversize

Moo MM MMM NN

sxoBID

31dg

£43s0204
1830

UecEySs 1T

Mo M PN MMM MM

=
A
v 18
ot
Y jo

P3G 000
peaoefe



RADIOGRATHIC IKDIC TICKS

Dafects
Weld ‘etunl Predicted icceptable Low Pene~ High Pene- SLpEQ rw
No. Strength OStrength Penstration trat ion or +tration and EEae g geé-
and Normal Undersizo Oversize Ig ggﬂ s e
Size a § 28
148 650 - 690 % x
149 630 715 x x
150 - 730 x x
151 6te 730 x x
152 740 758 x X
153 820 768 x X
154 1740 730 X X
155 820 740 X X X
156 810 800 x X K
187 890 825 x X
158 830 800 bid X X
159 940 783 X X X
160 - 730 x X X
161 850 810 x x %
162 860 825 b X
163 750 865 % X X
164 700 740 X X X
165 1020 945 p 4 bd
166 880 927 x X X

Note: Where no Actual Strength 1s glven, the specimen was sectioned.
Where no Predicted Strength is given, no dark ring was visible.
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Bs Results of Tests on 100 Tayloreliinfield Spotwelds liade
By the Northrop aAlrcraft Corporation of Hawthorne California
In .040" 248T Alclad Aluminum Alloy Sheetb,
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TABLE I

Specimen data for spotweld speclmens made July 13, 1943 for
California Institute of Technology.

Material H «040 to 040 24ST Alg.
Machine : Taylor-Winfield
Electrode Weld Pressures 980 lbs.

@lectrode Forge Press : 1500 lbs. Constant)
Capaciltance ¢ - 600 mfd. Constant
Voltage : Variable
Radius top elec. H 44 Constant
Radius bottom elec. : 10" (Constant)
liaterial cleaned in Eelite for 16 minutes

Welds No. - D.C. Voltage

M1l-10 1375

M1ll-20 1975

M21-30 v 2150

M 31-40 2275

M 41-50 2420

M 51-60 2560

M 61l=70 2660

M 71-30 2790

M 81l-90 2900

M 91-100 3000

TABLE I1

Comparison of Accuracy of Measurement of Spotweld Static Shearx
Strengtn by Weld Nugget Diameter and by Non~destr¥ct1ve Testa.

Brror in rredl
: Median Maximum Error-
Test lethod Br2oz, = Kor Yu% Welds For 100% of
: Tt welds
Weld Nugget Diameter 25 Pounds 75 Pounds 160 Pounds
Ring Penetrator Test 35 Pounds 75 Pounds 230 Pounds
Wilectrical Test 25 Pounds 75 Pounds 130 Pounds

Radiographic Dark :
Ring 35 Pounds 85 Pounds 125 Pounds
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FIGURE 8- PREDICTION OF ST4TIC SHEAR STRENGTH Qwodm M
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Jeld
No.

OO~ U B

48

Aetual
Strength

360
380
350

320
340
320
370
400
490
430
400

430
300
440
0920
440
550
5790
940
520

560
540
520
540
500 -
560
570
530
530
520
530
540
570
540
620
590
600
530
640
620
600

Predict
Strength

1

{200 N B B B N A

470
430
470
450

470
460
49Q
550
560
555
540
526
520
520
544
520
520
565
065
530
€65
595
590
597
530
5683
535
670
660

700

660
673
673
670
660

Radlographic Indications

TABLE III

HOoH MM MR MM K MM N MMM N NN

Acceptable
Penetration
andNormal
3ize

bR MM MMM K MK M E MK MMM KK MNNKNMNEKN

Low Penetra-
tion oy Under
vlze

Defects

High Pene~ _
tfation and Caa kg EL O
.8 O ket
Oversize WA o0 o
QO O @
w w5 H

1] l;_"..)'

D2

=3

Po1EeDOY
pojoafey



Radiogrsphic Indications Jont.

pefects
deld  actual Prediet. :occeptable Low Pcnetra- High Penetra~ Gwig RO
Mo, Strength Strength Penetration tion or Under-  tion cnd Qver=- 3B g E’%
and Normal Size size RTeRA
Size 3 ::g
73
49 5380 660 X ¢
50 - 682 X
51 - 742 x
52 630 760 X -
b3 740 725 b4 b4
54 630 702 X
55 - €70 X
56 699 720 X
57 630 702 %
3 740 63% x
59 720 690 X
60 720 660 X
61 740 738 p.d
62 790 750 X
63 800 J25 p 4
64 330 730 X
65 - 725 X
66 740 790 X
67 760 770 %
63 720 747 X
6% 740 738 X
70 790 736 x
71 320 795 X
8e 800 308 K
73 340 312 X X
74 310 800 X X
75 - . 325 X X X
76 720 765 XX
7 860 338 x X
78 730 307 XX
79 300 825 b d b d
80 330 305 X X
31 840 330 X X
32 340 370 X X
33 660 - X
34 730 372 - o
35 “ 885 >
36 730 200 - x
37 780 893 = *
88 820 845 * x
89 850 900 s *
90 840 835 x x
© 91 300 922 x o
92 840 970 * -
95 760 790 x * *
94 360 330 R
95 " 922 .. X
96 700 763 b d o X
a7 720 . 162 % XXX
93 960 835 xx
99 930 967 ” * %
100 - 999 ' X b’y
X X

pejieody
pejosfey
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C. HResults of Tests on 138 Taylor Winfield Spobwelds Made
By the Consolidated Vultee Aireraft Corporation of San Diego
in .040" 2437 Alclad Aluminum 4lloy Sheet.

Hote: Hacrographs of Sections of unpulled welds in
this group were given in Figure 56, Enlargements of radio=
graphs of typlecal welds in this group were given in Fig. 74.

The electrical test was omitted, for these welds.
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THE ORDINATES IN THIS CURVE MEASURES THE PERCENTAGE OF THE
GROUP OF WELDS WHOSE STRENGTH WAS MEASURED WITH AN ERPOR

GREATER THAN THAT INDICATED BY THE ABSCISSA.

PERCENT OF WELDS IN GROUP

] ~ ® (7]

O O o _ o
.|

¢

o

v o
o o 8 3

o

o

NUGGET DIAMETER

......... PENETRATOR TEST
............. RADIOGRAPHIC DARK RING TEST
........................ . . FAINT ° .

A=

O 10 20 30 40 50 60 70 80 90 (00 10 120 130 140 180 160 17O 180 190 200

ERROR IN STRENGTH PREDICTION (POUNDS)

Fig. 11. COMPARISON OF ACCURACY OF STATIC SHEAR STRENGTH MEASUREMENTS BY
DIFFERENT NON—DESTRUCTIVE TESTS.
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Ds Results of Tests on 326 Taylor Vinfield Spotwelds Hade
on the Laboratory Welder At the University of Southern Calife
ornia in ,040" 24ST Alclad Aluminum Alloy Sheet.

Note: ‘The electrical test was omitted. A selection of

typlecal results is included.



TaBLE 1

Specimen data for spotweld specimens made May 28, and June 19,
1943 at University of Southern California for California Ine

stitute of Technology.

laterial t «040 to 040 24ST dlc.
lachine i Taylorsiiinfield Hi-lave Welder
440 line volts

Electrode Pressure $ {(variable)
Capacitance : (variable)
Voltage 3 (variable)
Radius top electrode f &

Radius bottom elec. : 3"

Material cleaned in Oakite #63 at 180° F for 4 minutes and
wire brushed.

Panel No, Welds Noe« Ilectrode Pregsure C(apacitance Voltage

1 Bl=ll 1100 240 1800
2 12«24 11.00 560 1716
3 25=36 1100 480 1680
4 ST=48 1100 480 2060
8 49«60 . 1100 680 1960
6 61=70 1100 720 1900
7 71«82 1160 840 1840
8 83~94 1178 960 1800.
9 95-~104 1175 960 2000
10 105«116 1175 960 2200
b Hl=11l 1400 960 1800
iz 12-21 1400 960 2000
13 22«31 1400 960 2200
14 S2=43 1400 960 2400
15 44«53 1400 960 2600
16 5463 1400 260 2800
17 64-T75 1400 1200 2200
18 76=85 1400 1200 2400
ig 8685 1400 1200 2600
20 96=105 1400 1200 2800
21 1l-11 - 1400 260 1800
22 12«21 1400 960 2000
23 22=31 1400 9€E0 2200
24 S2=44 1400 960 2400
28 45=54 1400 960 2600
26 56=-64 1400 960 . 2800
27 66-76 1400 1200 22800
28 T7=86 1400 1200 2400
29 87-96 1400 1200 2600

30 97«106 1400 1200 2800



Specimen duta for spotweld specimens made

California Institute of Techmology.

June 4, 18943 fopr

Baterial t L0040 to 040 B84 87 Alo.
Hachine ! @aylar~%4n£&$x& fii=vave lielder, 440
line Voltss

Klectrode Press ¢ 1285 lbas {Congtant)
Gapacitance ¢ 2280 Xfd. {Conatant
Yolbage § { Variable
Throat ¢ 13 26anst&nt

Avm 1 38" [ Jongbant
Badius top elec. s &" %Qo&sﬁamt;
Radiius bobtbom elecs r B¢ Gonatand

Material clesned in OCskite J63 and Oakite F844

Panel Ho. lelds Loa
Flel?
Flies4
PEbeaba
FO5eTC
PTLe87
FO8=1006
FlOG=183
FLBR-138

altd 11

fub

DI

Compardson of asccaracy of Heasuwrement of Spotweld

BaCeVolbage

1400
1500
1600
1650
1800
1900
2060
2875

Statie Shear

strength by Veld lugpet Diameter and by lonedestructive Tesbs.

teld Tugget Diamgter 36 Pounds 116 Pounds 81& Pounds
filng Penetrator Test &8 Pounds 148 Pounde 200 Pounds
Hediographie Dark ,
Ring 5% Pounds 308 Pounds 380G Founds
Rediographic Peint _
Ring 36 Pounds 108 Pounda 200 Pounds
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F16. 1. CORRELATION BETWEEN STATIC SHEAR STRENGTH AND WELD NUGGET AREA AT

FAYING PLANE. gﬁ = sl uﬁggm
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F1G. 2. PREDICTION OF WELD NUGGET AREA AT FAYING PLANE BY RING PRNETRATOR
TEST.
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Fi1é. 3. PREDICTION OF SPOTWELD STATIC SHEAR STRENGTH BY RING PENETRATOR
TEST. £ B 4% v
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FicG. 4. PREDICTION OF WELD NUGGET DIAMETER BY RADIOGRAPHIC DARK RING.
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Fi16. 5. PREDICTION OF SPOTWELD STATIC SHEAR STRENGTH BY RAD!OGRAPHIC
DARK RING, 25 o
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F16. BA CORRELATION OF RADIOGRAPHIC IMAGE WITH BONDED CORONA AREA.
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E, Summary of Hesults of Tests on Industrial Welds,

On the typlcal groups included in this thests, and
on groups of welds from four other aireraft factaﬁies, the
radiographic test measured weld strength and nugget size
more acocurately than the penetrator or electrical tests.
Median error for the radiographic test was from B85 to 48
pounds,; for welds whose strengths ranged from 200 to 1300
pounds, with normal weld strength 500 to 600 pounds. Ne=
dian error with the penetrator test varied from 35 to 88
pounds, with the electrical test from 25 to 95 pounds.
Zach of these tests would gerve for industrial inspection,
sinee 80 to 90% of the welds would be measured to within
20% of actual weld strengths

The additional informetion on weld geometry, structure,
and defects provided by the radlographic test, in addition
to i1ts superior accuracy and reliabllity, make it pre=-

ferable to the penetrator and electrical nonedestructive

teslta.
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VIII CONCLUSIONS:

It is possible to measure spotweld nugget size and static
shear strength by the penetrator and electrical non=~destructe
ive tests, for spotwelds in egual thickness two layer alume
inum alloy joints. 7The accuracy and reliability of measure=
ment are sufficlent to make the methods useful in industrial
inspection. The chief disadvantage of both of these methods
is the necessity for accurately ecentering the test assembly
over the spotweld, to avoid large errors in indication, The
. penetrator test also has the disadvantage that it marks the
sheet surface, but in tests on thousands of welds, no case
of faillure resulting from the penetrator indentations hes been
observed.

Correlation of radiographic details with weld geometry
and structure showed that, for spotwelds in equal thickw
nesses of 2487 ileled aluminum alloy sheetb:

Le Spotweld static shear strength, nugget size, geo=
metry, and defects can be determined reliably and accurately
from the radiographs of production spotwelds.

2a Spotweld defects such as inadequate nugpet pene=
tration (with possible lack of bonding or excessive Alclad
inelusion into the nugget), excessive penetration in oversize
nuggets, cracking, porosity, spltting, or excessively large
heat-affected zones are clearly evident in the spotweld radio=
graphse.

Se In groups including hundreds of industriallye
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made spotwelds in 040" 248t Alelad sheet, with uniform dise
tributions of static shear strength from O to 1300 pounds, the
nugget diemeter in the 2487 alloy was determined with a median
error of only .01 ", and strength predicted with a median
error of from 85 to 45 pounds, by visual examination and mea=-
surement of the spotweld radiographss

On production spot welds, the penetrator, electricél,
and rudiographic tests each measured spotweld static shear
strength with a reliabllity and accuracy well above the re-
guirements of practical industrial spotweld inspection.

The radiographic test offers advantages over the pene=
trator and electrical tests by providing not only a measure
of weld strength, but by showing in clear and unguestionable
form the presence of defects such as lack of penetration,
cracks, porosity, spibtting, misshapen nuggets, excessive pene-
tration, and excessively large heat affected zones. It makes
possible complete weld inspection in a single operation which
is absolutely not demaging to the weld,

Three necessary prerequlsites to the general acceptance
of radiography as a reliable non~destructive test for spotwelds
in equal thicknesses of 248T Alclad sheet have been met by
resoarch:

i¢ The method of interpreting weld geometry,; structurs,
strength, and defects from radiographs has been established.

2. The technique of radiographing spotwelds, using

available production X-~ray equipment and commercisl film, has
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boen developed to give excellent radiographs, wlih exposure

times as low ap B seconds per weld. Low cost pordable ﬁ»ray
equipsent for spotweld radiography ocould be manufactured of

commereially aveilable components.

Ge The rellablility and sadequacy of radiographle ine
spection has been proven by the reosulis of teste on thous
sands of Iindustrlially made apotwelds frop many feoborles.

The aceuracy of prediction of weld strength and size was well

gbove industrisl inspection requirsments.
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Welis Beaver, Battelle lemorial Ingstitute, for National
Advisory Commlttee for Aeronautics, Copy No. 150 ARR
No., 3Fl6, June, 1943 (RESTRICTED).



SOURCES OF PROPOSED TEST METHODS

{(a) 9wo 8ide Direct Current Tests A form of test simllar

to the two side direct current test was developed by Andrew
and Perille for the Glenn Nartin Alrcraft Company of Baltimore,

Haryland, (Refer to Mr, Paul Merriman for details.).

(b) One Side Direct Current Tests A preliminary form of this

test was developed in the Electrical Reseasrch Section of the Lock-
heed Aireraft Corporation, Burbank, California, (Refer to Mr.
Fred Bowden for details).

{¢) ZLap Joint Induction Test, A test which may be similar

to the lap joint induction test was developed by lir. Norman Bonn,

of Philadelphlas, Pennsgylvanla,

(d) Pick-Up Coil Eddy Current Test, Developed in the Naval

Regearch Laboratory and reported by Ross Gunn in "An Hddy-
Current Hethod of ¥Flaw Detection in Nonsllagnetic laterials™ in

the "Journal of Applied Mechanics", liarch, 1941,

() Spotweld Eddy Testing Unit, Developed in the Naval Re-

search Laboratory and reported in a pregress report, July, 1942,

(£) Lockheed Eddy Current Test Unit, Developed in the Elece

trical Research Section of the Lockheed Alreraft Corporation by
Dr. Philip Carlson,

(g) Heat Heservolr Thermael Test., Developed by the General

Electric Company, Schenectady, New York, and tested in the Locke

heed Aircraft Corporation Research Laboratory, Surbank, California.



(h) Vibration Damping Test, Method is discumsed in "Hodulus

of Blasticity and Demping in Relation to the State of the Ha=
terial" by F. Forster, Dr, Phil, and Professor W, Koster, |
Dr. Phil., in Journal of the Institution of Slectrical En=
gineors”, London, B.I. Yolume 84, January~June, 1939, pages
558=564,

(1) Wave Reflection Test. Proposed by Profegsor ¥,i. Fire-
stone of the University of Michigan, in connection with the

Supersonic Reflectoseope,

(j) weld Outline_Test. Mlle. Natalie Godalsky in a paper

furnished by Seiaky Brothers, Chicago, Illinois,.

Note: Proposed test methods identified by the sign ¢ were ine
dependently proposed and developed by the Welding Rew=
search Group of the California Institute of Technology.



APPENDIX I

RADICGRAPHIC FILM TERMS USED
SPEED

Fllm speeds for compariscn purposes ave sensltometric measure-
ments under specified conditions. These conditions have been

so chosen as to be representative of a large percent of preductlon
work. Spesed 1s sspressed as the MAS necessary to produce a den-
sity of 2.50 through .5C" of 24 ST rolled aluminum alloy. The
film is irn a paper envelope snd exposed on x-ray unlt numbsr &

at 79 primary volts (approximately 100 XVP). The exact MAS value
is obtained from a plot of density versus exposure time for .50"
of materiel.

CONTRAST

The gquantitative sxpression of radiographic contrast as Ilndicated
in this report by diglts along the various pleots, is the percent
of the total thickness thst will produce a density difference of
-02. This percent represents the percent of ths total thickness
that, would be just detectable in the Interpretation of a radio-
graph. The humen eye cean only differentlate a minimum density
value. Under idesal laboratory conditlons this minimum value 1S
about .00%5. For calculating contrest epplicable to production
conditions the conservative densltiy difference of .02 1s used.

This contrast value is calculated by assuming a straight line
relationship betwsen %two densitles, usually those produced by
a thickness diffevence of .10" of matserial. The thickness re-
presented by & density differepnce of .02 1s calculsted and éi-
vided by the total sverage thickness over which the density
difference was messured. This 1s muitiplied by 100 to express
it in percent.

For example, if .10" of material will produce a demslty differ-
ence of .20, then a density difference of .02 will represent L0L”
of materisl. If the awversge thicknezs over which the density

was measured was 1,007, then .01" would represent 1% of the total
thickness. This percent 1s used to sxpress thé radlographlc
contraat. ,

When it 1s necesssry to apply a2 single contrast valus to & film
for comparison purposes, the value used 1s that found for .50"

of 24 ST rolled aluminum alloy, at a density of 2.50, exposed

for 424 MAS and variable voltage on x-ray unit number 6. This

1s generally supplimented by the value found for the same thick-
ness of meterial at the same dengity exposed at T9PV and vari-
ahle time on the same x-rsy unit. Contrast values for given
thicknesses are found by a plot of contrast versus thickness.
These plots are nobt limited to any thickness, voltage or materisl.
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