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SYMBOLS

. A area of cross-section

.D diameter of electrode

dX nugget diameter

F force (tonf)

F clamping force (tonf)c

N number of cycles to failure

S nominal normal stress

s pitch

T nominal shear stress

t plate thickness

a standard deviation
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SUMMARY

Spot~welded lap joints made from 7 mm thick mild steel plate

were tested in fatigue at R = 0. The fatigue life ranged

from 105 to 2.107•

A comparison was made between a single spotweld and a si~gle

plug weld and between spotwelds made from 2 grades of mild

steel (T = 26 resp.47 kg/mm2); while some attention was
y

given to the effect of welding variables.

For the higher grade steel,3 different types of joints were

tested VIZ. a single joint, a joint with 2 spotwelds in line

and a joint of tackwelds.

Results show that there is only little influence of the

steel quality, and as long as there is no shear failure, the

fatigue life is independent of the nugget bead diameter.

The F-N curve can, with a high degree of accuracy be repre

sented by S3N = C, which is consistent with fatigue crack

grows laws.

The double spotweld showed only a 25% increase in fatigue

limit compared to the single spotweld, while the weakening

effect of unloaded tack welds can be neglected.

2.



I. Introduction

Over the last few years, several. series of spot welds have

been tested for fatigue resistance at the Fatigue Laboratory

of the Eindhoven University of Technology. These tests,

carried out in close cooperation with the Central Laboratory

of the DAF Car- and truck-works, were initially set up on an

ad-hoc basis in order to compare the fatigue resistance of a

spot weld with that of a plug weld. The results were so

interesting, however, that the program was considerably

expanded, as will be seen from the results given in this pa

per.

2. Design features

2.1 Choice of test-pieces

Spot welding is primarily used in the construction of

chassis to secure section reinforcements in the form

of strip or angle bar to chassis side members. Secon

darily it is employed to fix crossmembers to the

chassis. However, the loads induced on the spot weld.

in the latter case by the chassis distortion cannot

be reproduced in a simple test-piece and necessitate

testing of the entire unit.

Load transmission in section reinforcements can be iso

lated, since it only involves the introduction of normal

forces in the strip.

A distinction should be made between force-transmitting

welds and tack welds. As a welded joint is very rigid,

only the first and last spot welds of a section rein

forcementmay be considered as forcetransmitting welds

as long as the moment in the chassis side member

remains constant.



The choice of test-speciments is based on thi~ conside

ration and it consist of:

I ~ a lapjoint with one spotweld (basic configuration)

II a lapjoint with two spotwelds in line (force transmission)

III two strips spot-welded together (tack weld).

An examination was also made in the basic series to evaluate:

1. the extent to.which the spot weld is inferior to the

much more expensive plug weld;

2. whether the strength is affected by a pre-treatment

with zinc primer;

3. the difference in strength between spotwelds in grade

37 and grade 56 steel; at the same time, an investigation

was made with the higher-grade steel to find out to what

extent it was affected by subsequent annealing treatment;

4. the extent to which the effective bead cross-section can

be determined from X-ray photographs;

5. the variation in micro-hardness at various points in the

spotweld.

A survey of the testseries is given in table 1.

2.2 Variations in nugget-section

It is well known that the size of the nugget obtained with

a given electrode may vary because of:

a) the electrical shunt effect;

b) magnetic inductance.

For heavier gauges, however, the limited

c) clamping force

may be significant due to the bulging of the sheet as a

result of the welding process.
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Fig. ~ gives ~he results of a few tests made J..·n .ord.er l to

obtaJ.n some J.dea of these effects. By and large, thet

show that:

a) the electrical shunt effect, although it cannot be

separated from the other effects, is low in the caSe

of a pitch! of more than 4D ·(fig. la);

b) the magnetic inductance. (the "quantity of iron between

the jaws of the clamp") may give rise to a reduction

of up to 10% in the diameter of the bead (fig. lb);

c) the pressure of the electrode (in this case, F~ ~ 2

tonf, 7 mm plate thickness) dictates the nugget

diameter when membrane stresses are generated in the

plates (where a spot weld is made subsequently between

two others).

The weld is regarded as "unreliable" as, long as

s < 8D (figs. lc and Id).

When the plate can be distorted by bending and/or torsion

(spot welds in line or in a zig-zag arrangement) a re

duction of up to 20% in the diameter must be taken into

account when S =::::3D. (fig. Id);

d) the effects are cumulative.

The above mentioned effects were noticed in Series II as

this series was made from a 750 mm wide plate.

After evaluating the influences (see above) and after it

was clear that the nugget diameter did normally not

influence the fatigue resistance, the specimens of the

other series were spotwelded from single strips of about

100 mm wide.
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3. Test specimens.

3. 1 Material

Grade 37 KF steel was used in series I and II, and grade

56 KF steel for series III to V inclusive. Both types of.

material are AI-killed, fine grain steels and were ob

tained from Koninklijke Nederlandse Hoogovens. The plates

were hot-rolled and pickled. The mechanical properties

and chemical analysis, averaged where necessary over

plates of different charges, are given in table 2~ The

primer used was Sikkens M 70/25 zinc compound welding

primer.

3.2.Spot-welding data

Machine

Electrode diameter

Electrode pressure

Open secondary voltage

Normal welding current

Welding time

Subsequent squeeze time

Subsequent heat treatment

period, (where applicable)

3.3 Hardness in the welding zone

British Federal spot-welding

machine with suspended trans

former and two spot-welding

clamps.

25 or 16 nun

2,0 tonf

20 V

22000 or 16000 A

5 or 3! sec

10 sec

3 sec.

Microhardness tests (HV 10) were made on the cross-sections

of different welds, with the following results:

plug weld on grade 37 steel HV less than 180kgf/mr.

spot weld on grade 37 steel - 25 nun electrode HV less than 210 "
16 nun electrode HV less than 250 "

spot weld on grade 56 steel - 25 nun electrode HV less than 350 "
ditto subjected to subsequent heat treatment HV less than 350 "
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3.4 Dimensions of specimens

All specimens had a width of 95 mm"while the plate thick

ness was 7 mm. The lengths depended on the fatigue-testing

machine used.

The ends of all test-pieces were bent so that the centre

of the weld coincided with the centre-line of the clamping

jaws. As the sides of the specimens were planed after

welding, the eccentricity e in the plane of the specimen

in relation to the centre-line was less than 2 mm, except

for series I, where 2 < e < 6 mm. Further details on shapes

and dimensions, are given in figs. 2 through 4.

4. Testing machines

Except for series III C and V, all fatigue tests were carried

out on a Schenk PVTO, a vertical resonance fatigue-testing

machine, with a capacity of 20 tf (stroke). The machine is

fitted with a strain-gauge load-cell in its control circuit,

so that, even at low loadings, the accuracy is excellent~

Test frequency was about 25 cps.

Series III C,which was used for lives of 106 - 108 , was tested

on a Amsler 10 HFP, which is also a vertical resonance machine.

For this purpose, the machine was fitted with a dynamometer

of 2 tonf capacity. Test frequency was 140 - 160 cps.

Due to the large forces involved, series V was tested on a

Losenhausen UHS-60, a hydraulically driven machine with a capa

city of 40 tonf, at about 10 cps.

The static tests were made on a normal tensile testing

machine.
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5. Results.

The results of the static tests are given in table 3. Those

of the fatigue tests are given in tables 4 through 10 and

discussed in sections 5.1 to 5.5 inclusive. In addition,

table 11 contains a comparison between the series on the

basis of F~ .N = C.

5.1 Plug weld in grade 37 steel

5.1.1 Specimens

Material

Dimensions

Plug

Nugget cross-section

Electrode

Welding Conditions

Primer

Fatigue-machine

5.1.2 Results

series I A and B

grade 37 KF steel

see fig.2a

20 x 35

(30 to 50) x (45 to 60)

rutile, slow-setting

Set I A: welded under lab. condition

Set I B: welded under normal work-

shop conditions.

Zinc-compound welding primer.

PVTO

The results of the test are given in table 4 and plotted

in fig.5. It follows from this graph that the effect of

welding conditions (laboratory or workshop) may be ignored.

The diameter of the nugget of the test-pieces was measured

for a number of cases. The width, nominally 20 rom, varied

between 30 and 50 rom. The length, nominally 35 rom, varied

from 45 to.60 mm

No correlation could be found between the area of the

nugget and the fatigue resistance.
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The scatter in the results (see fig.5) is such that the

overall difference between the extreme values in life is

a factor of 2 to 3.

In view of the variations between the test-specimens,

this scatter may be regarded as low. The average life

is given by the line (see table 11)

3.0 iog F + log N = 16.2max

or

This linear raationship between log F and log N ismax
selected because of the results of the spot-welded

specimens. (see 5.2 to 5.4).

5.2 Spot weld in grade 37 steel

5.2.1 Specimens

Material

Dimensions

Electrode

Nugget cross-section

Primer

Fatigue machine

Series II A, B, C and D

grade 37 KF steel

see fig. 2b

Series A, B: 25 mm

Series C, D: 16 mm

Series A, B: 14 - 23 rom

Series C, D: 7 - 18 mm

Series A: zinc-compound welding primer

Series B: none

Series c: zinc-compound welding primer

P.V.T.O.

5.2.2 Results

The test results are given in tables 5 and 6 and plotted

in figs. 6 and 7.

Series A and B.

The results divide into two groups, viz: a large group,

with a very narrow scatterband, around a line

and a group with much shorter lives.
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All the test-specimens in this first group exhibited one

or two cracks through the plate. The other specimens

(second group) showed a different pattern of cracking.

Here, there was a small crack in the sheet on the side

of the nugget together with shear cracks through the

nugget which led up to failure.

rhe larger the crack in the plate, the closer the test

results approached the line F3N= c.

As the nugget size was about 15 mm for most specimens

of this second group, the dashed line in fig.6 gives

the transition from shear failure through the nugget

to plate failure at this nugget diameter.

Series C and D

The occurrence of nugget failure was also investigated

on a series of specimens welded with a smaller electrode.

The transition from nugget failure to plate failure for

a nugget diameter of about 11 mm is given in fig.7.

In this figure the same transition for a nugget diameter

of 15 mm is repeated from fig.6.

It is remarkable that the nugget diameter no longer affects

the fatigue life below the nugget failure-line.

Furthermore the effect of the zinc primer is either zero

or negligibly small.

5.3 Spot weld in grade 56 steel

5.3.1 Specimens

Material

Dimensions

Electrode

Nugget

Primer

Subsequent heat treatment

Fatigue machine

Series III A, Band C

grade 56 KF steel

see fig. 2b

D = 25 mm

diameter 18 - 22 mm

zinc-cornpound welding primer

III A and C: none

III B: ISO cycles (3 sec)

Series A, B: PVTO

Series C: 10 HPF



- 11 -

5.3.2,Resu1ts

The test results are shown in tables 7 and 8 and plotted

in figs. 8,9 and 10.

In 'fig. 8 the force scale is linear.

The results are contained within a wide band, about

which all that can be said is that the centre of this

scatterband is poorly filled. Fig.9 shows the same re

sults on a log-log scale. Here, the scatter band is found

to split into two distinct F-N lines with no relation to

the A or B series. A fractographic investigation, however,

showed a dark and damp fracture surface on the specimens

with the longer life.

They are underlined in fig.9.

It was found that, while planing the sides of the speci

mens (see par 3.4), cutting oil has been used for about

50% of the specimens;

Check tests were carried out with 7 of the specimens of

series C. Before testing these specimens a little amount

of lubricating oil was dropped between the plates near

the nugget. The test result are consistent with the

previous results. (see fig.9).

They all prove that oil greatly improves the fatigue life

(see also par 6.4.).

The S-N curve for these "oiled" specimens can be repre-,

sented by Fa N = C, where e = 4.

- The F-N curve for the normal specimens can be represented
aby F N = C, where a = 2.99 ~ 3.0 and log C = 15.9

as calculated with the method of least squares.

The standard deviation in log N: cr = 0.0268 corresponding

to 6 % in life N.

The fatigue limit is estimated at F = 1.2 tf; N~5 x 106

, 6
in the normal case, and F = 1.4 tf; N~ 15 x 10

when oil is added.

It is noteworthy that oil has very little effect on the

fatigue limit.



- 12 -

- It has already been pointed out that a subsequent heat

treatment (series A as against B) has no measurable

effect on fatigue properties.

The test on the remainer of Series C was carried out

in order to give a better estimate of the fatigue

limit. A faster machine was used for this purpose.

The results are shown in fig.10, which also includes

the F-N line of Series III A and B.

F = 1.3 tf; 6N:::::,4.5 x 10 •

- This result reached on the 10 HFP fatigue machine

(Series III C) is slightly better than that obtained

with the PVTO. The scatter is also slightly larger.

The factors which may have played a part are:

1. the effect of the frequency 25 - versus 150 Hz

2. the length of the test-piece 750 - 320 nun

3. the clamping rigidity, which is much greater

in the PVTO than in the 10 HFP fatigue machine.

It should noted that the factors given under sub 2 and

sub 3 will cancel out each other at least partially.

5.4 Two spot welds in line(grade 56 steel).

5.4.1 Specimens

Material

Dimensions

Electrode

Nugget

Primer

Fatigue machine

5.4.2 Results

Series IV

grade 56 KF steel

see fig. 3

25 nun

18 - 22 nun

zinc-compound welding primer

PVTO

The test results ~re given in table 9 and plotted in

fig. 11. The S-N line . F3.ON- 10 16 ,4,1.S -

and the standard deviation in log N: (J = 0,06 (15% in N).

The F-N line for Series III is also shown in this figure

for comparison. It is found that:
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The strength of this joint is about 1.45 times as large

as that of the single spot weld of series II for

105 < N < 5 x 106 •

- The fatigue limit is reached at F = 1.5 tf, which is

60% of the "theoretical" value (2 x 1.2 tf) and only

1.25 times as high as that of the single spot weld. The

reduction in relation to the "theoretical" strength

(twice that of the single spot weld) is clearly caused

by the fact that this very rigid welded joint is inter

nally statical indetermined, so that the effects of

welding stresses and distortion can act to the full.

It should be pointed out that both plates were cracked

in most cases.

5.5 Tack-welds in line(grade 56 steel)

5.5.1 Specimens

Material

Dimensions

Electrode

Nugget

Primer

Fatigue machine

5.5.2 Results

:' Series V

grade 56 KF steel

see figs. 4a and b

25 mm diameter

18 - 22 mm

zinc-compound welding primer

UHS-60, n 600

It was found during the tests that spot welding had such

a small effect that failure occurred outside the test

section. The ends to be clamped were therefore reinforced

by glued on flitch-plates, which prevented this type of

cracking. At the same time, five test-pieces were waisted

down to about 80% of their width because of the limited

capacity of the machine (40 tonf). The results are given

in table 10 and plotted in fig.12. Which specimens failed

outside the spot weids is also reported.

It was found that:

- The test results lie roughly around a line F7N = 10 15 . 7

(the hyperbolic relationship was choses only to give

correlation with the other test results).
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- The strength of a tack weld approaches that of the sheet

itself, as may be deduced from the. cracks and failures

outside the test sections.
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6. Discussion

6.1 Measuring the diameter of the nugget.

An investigation was made into the possibility of measuring

the diameter of the nugget with the aid of X-ray photographs.

A large number of observations showed that on the X-ray

photographs:

I. If the plates have no gap - as they should be for a

good spot weld - the nugget diameter does not show up

on the photograph.

2. The larger the gap between the plates, the better the

nugget can be seen.

3. The penetretion into the plate of the electrode is

clearly' visible and tends to conceal the nugget diame

ter when the gap between the plates is small.

The nugget diameters given in the tables were measured after

the spot weld had been cut through or pulled apart.

G.2.Plate or Nugget failure

Examinations of the fracture surfaces of specimens from the

test programme described here and on similar specimens

tested under program-loading show that:

I. Cracks start at a number of points along the edge of

the nugget.

2. Nugget failure always occurs in combination with a small

crack in the plate (see fig. 13a).

3. Plate cracking takes place in the way indicated in

fig.13b

4. Sometimes small nugget cracks can be observed after the

plate failure (broken line in fig. 13b).

The overall idea deduced from our observations ~s the following:
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First of all, a number of small cracks form at the edge of

the nugget at point A, and these cracks penetrate the plate

at an angle of roughly 20 to 30
0

to the axis of the spot

weld. The force transmission at A is thus reduced, whereupon

the dominant crack is formed in a area BD which leads to failure.

This may be either a nugget (fig.13a) or a plate (fig.13b)

crack, depending on the nugget diameter.

Tables 5 and 6 and figs. 6 and 7 show that the fatigue life

is virtually unaffected by the nugget diameter in the case

of plate failure.

In view of the above remarks, the conclusion is drawn that

(see fig. 13b):

- the front of multiple crack initiation at A is so wide

that the growth in depth is the nominating factor.

- the extension of the cracks from Band B1 is virtually

independent of distance B-B1•

In fig. 13c crack growth lines are shown which illustrate

the above remarks and which correspond to the crack-growth

lines observed after tests done with programmed loading.

6.3 Strength expressed in T, S or F

Although the fatigue resistance is usually expressed as a

unit of stress, only the force F is used here. The reasons

therefor are the following:

I. When the size of the nugget exceeds a certain minimum

(see 5.2), the fatigue resistance is independent of the

nugget diameter, since crack growth through the plate

is dominant, so that

T =
FA is no longer a parameter.

nugget

2. From stress analysis point of view, it can be argued that

the effect of the width of the plate can be written as a

correction to an infinitely wide plate. This correction,

for a (nugget Plate/width) ratio of about 5 as used here,

is only a few per cent.



So the use of S

also pointless.
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F= A ' as, for instance, in
plate

The occurrence of a plate crack does indicate that the

stres or strain distribution in the plat~ is dominant.

This case may therefore be regarded as a disturbance

problem, ~here (8 1 t ) x (area of the disturbed region)p a e
=F, is decisive.

It should be pointed out that the thickness t of the plate

must be important. The resistance to bending does, in fact,

increase with t 2
, while the bending moment due to the

eccentricity increases proportionally wi'th t, so that the
1peak stress or strain decreaseS in proportion to t'

A large part of the fatigue life is found to be spend in

crack propagation through the. thickness of the plate. The

use of heavier gauge plate, therefore, means that the crack

has to penetrate a longer distance and hence a longer

fatigue life may be expected.

The above considerations show that the fatigue resistance

for N = constant will at least increase in proportion

to t. No test were carried out on this point, however.

6.4 The effect of the environment.

It was found in section 5.3 that oil favourably affects

the fatigue resistance. The log F - log N line is tilted
3 4from F N = C to F N = C (fig. 9).

The point of intersection of these two lines, i.e. the

life at which this difference in environment is no longer

of influence, occurs at N::::0. 8 x 105.

The effect on the fatigue-limit N + 00 is fairly insignifi

cant, so that the knee in the fatigue curve shifts from

5 x 106 to 1.5 x 107 , a respectable amount, particularly

in view of the oft-quoted number of "limit fatigue cycles"

of 2 x 106•

x numbers in parenthesis refer to the references.



- 18 -

F2 106
Note that the ratio F; ~ 1:.5

10

In reference [2J, Frost describes rotary bending tests

on unnotched and sharply notched specimens of mild steel

in different environments. The results given show a shift

and a tilting of theS-N curve for oil-immersed notched

sp~cimens and also a shift in the knee (N + 00). which

corresponds to the results found here. The effect is

ascribed to the prevention of atmospheric corrosion by

the film of oil [2·,3J.

6.5 Crack propagation aspects.

Numerous investigations have shown that, in the case of

sharply notched specimens, the crack forms right at the

beginning of the test and continues to propagated until

failure occurs. Cracks are often observed as early as

after only 1% of the fatigue life. In such cases, the

life N is determined by the crack growth rate dlldn only.

A large number of crack measurements [4,5 ,6J have provided

relationships in the form

dlldn = SCI. IS

Integrating this over the length of the crack yields a

S-N curve of the form

CI.
S N = constant.

The figure found for·CI. is 2 to 4. The reason for these

variations in CI. is not clear, although the environment

could be an important factor, as shown in par. 6.4.

The value CI. = 3 found here corresponds to Frost's [5J
crack measurements on a large number of metals and alloys,

including mild steel.
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6.6 The F-N curves and their scatterbands.

It is usually very difficult to plot a fatigue curve,

because of the wide scatter in life and the narrow

range of loads which is usually not greater than

1:2 to 1:3. The range of loads for the specimens inves

tigated here was 1:5, however.

Within"this large range of loads, the results obtained

from series III A and B were found to lie within a "

narrow band around obviously straight lines in a log F 

log N graph (cf. figs. 8 and 9).

Since an F-N curve in the form

a log F + log N = log C
max

is consistent with crack propagation aspects (see par.

6.5), it was used for all test results, except those where

nugget failure Was involved, even where other curves

would have been equally useful, as in the case of series V.

The results for a, log C and the standard deviation a

are given in table II.

It shows that

a) The slope a of the F-N curve, a = 3.0 for all series

except for series III "oil treated", for which .a~ 4.

Quite clearly, in view of the other results, this

last serie belongs to a different population.

b) the scatter is extremely low.

6.7 Comparison between the test series.

6.7. I.Plug weld - spot weld

Par 5.1 and 5.2 and table II show that, calculated on a

basis of a 50% probability of failure fatigue life at

the same load is about 1.6 times as large for the plug

weld as for the spot weld in grade 37 steel.

The scatter for the plug weld is larger, however, so

that, with a probability of failure of 1% (2ia), the

difference in life is only 15 to 20%.
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6.7.2 Grade 37 versus grade 56 steel.

The ratio between the fatigue life of spot welds in

grade 37 steel as against those in grade 56 steel may

be estimated by comparing the results of series II A

Iwith those of series III, since both series were

coated with zinc~rimer (table 11). The difference in

slope a is found to be 1/300 (= 1~00)' The difference

in log C is 0.06 (0.15 N). This difference is negligible

in view of the relatively small number of test-specimens.

This is consistent with observations [5.7) that the

crack propagation for unalloyed structural steels is

independent of their statiC strength.

6.7.3 The effect of a primer or subsequent heat treatment

A comparison between series II A and series II B (table 11)

shows that the effect of a welding primer is negligible.

The same is true of the effect of a subsequent short

heat treatment (series III A as against III B), as will

be seen from fig. 9.
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7. Conclusion

The conclusions which may be drawn from this investigation

into spot-welded (plug-welded) lap joints are:

1. The F-Ncurve of the joints examined may be represented

to a very good approximation by

F3•ON = constant.

Oil considerably slows down the crack growth.

2. The fatigue resistance is independent of the nugget dia

meter, unless the nugget itself fails by shear.

3. At 7 mm plate thickness the nugget fails at a diameter

of 11 or 15 mm with F > 1.15 or 2.0 tonf. respectively.max

4. Based on a probability of failure of 1%, the life of the

plug weld is only 15 to 20% higher than that of the spot

weld in grade 37 KF steel.

The life of a spot weld in grade 56 KF st~el is virtually

the same as that in grade 37 KF steel at a probability

of failure of 50%.

5. When there are two (or more) spot welds in line, the fatigue

limit is only about 1.25 times that of the single spot

weld.

6. The weakening effect of unloaded tack welds is negligible.

7. From X-ray photographs the nugget can be measured only if

there is a gap between the plates. The image of the elec

trode penetration is a nuisance.



TABLE SURVEY OF TEST SERIES

SERIES NUMBER MATERIAL WELDING FIG. ELECTRODE ZINC COMPOUND REMARKS
OF SPEC; CONFIGURATION DIAMETER,mm WELDING PRIMER

I A 12 grade 37 KF plugweld 2 a - with lab. welded

I B 12 grade 37 KF plugweld 2 a - with shop welded

II A 12 grade 37 KF spotweld 2 b' 25 with

II B 12 grade 37 KF spotweld 2 b 25 none

II C 9 grade 37 KF spotweld 2 b 16 with

II D 9 grade 37 KF spotweld' 2 b 16 none

III A 10 grade 56 KF spotweld 2 b 25 with annealed during 150

III B 9 grade 56 KF spotweld 2 b 25 with current cycles,

III C. 18 grade 56 KF spotweld 2 c 25 with 7 specimens treated

with lubricating oil.

IV 13 grade 56 KF 2 spotwelds 3 25 with

in line

V 11 grade 56 KF tackwelds 4 25 with

in line



TABLE 2. MATERIAL SPECIFICATION.

MATERIAL

Chern. Analysis

C %

Si

Mn

P

S

Mech. properties

2
St kgf/mm

2
SO,2 kgf/mm

o 5, %

oCharpy v-a C
obend test 180

radius:

grade 37 KF (1 charge)

0,12

0,06

0,67

0,015 - 0,019

0,020 - 0,021

41 - 42

26 - 27

37 - 40

'"

l t

grade 56 KF (2 charges)

0,17-0,19

0,45

1,35 - 1,60

0,018 - 0,019

0,015 - 0,025

60 - 62

47 - 50

30 - 32

20 ftlb

H t



TABLE 3 RESULTS OF STATIC TENSILE TESTS.

SPECIMEN NUMBER OF FIG. MATERIAL ELECTRODE F AT FRACTURE

SPECIMEN (mm)

plugweld . 10 2 a grade 37 KF - 12,1 ~ 1,5

spotweld 10 2 b grade 37 KF 25 12,8 ~ 1,3

spotweld 10 2 b grade 37 KF 16 7,0 ~ 0,8

spotweld 10 2 b grade 56 KF 25 13,1 ~ 0,7

2 spotwelds 3 3 grade 56 KF 25 21 + 1 x)

in line - 2

x) yielding at 17,5 tonf.



TABLE 4 RESULTS FOR PLUGWELD IN GRADE 37 STEEL; t=7 rom; SCHENCK PVTO FATIGUE MACHINE

SERIES I A SERIES I B

F N. ]0-6 e remarks N. ]0-6 e remarks

tonf cycles rom cycles rom

] ,2 ]4,78 not broken ] ] , 15 not broken

] ,4 6, ]2 4,97

1,6 2,37 ] ,5 2,44 5,5

] ,8 2,23 2,77

2,0 .. 2,57 3,0 2,95 ] ,5

2,2 ] ,45 ] ,5]

2,4 1,24 4,5 1,58 . ] ,5

2,8 0,50 ] ,5 0,65

3,0 0,53 .],° 0,43 2,0

3,2 0,37 ],5 0,39 4,5

3,6 0,35 2,0 0,] 8

4,0 0,23 6,5 0,15 ],°



TABLE 5 RESULTS FOR GRADE 37 STEEL; ELECTRODE DIAMETER D = 25 rom.

SERIES II A x) SERIES II B

F N. 10-6 e nugget remarks N. 10-6 e nugget remarks
diam. diam.

tonf cy,cles rom rrnn cycles rom rrnn

1,2 8,50 3,5 19, 1 4,62 2,5 17,4

1,4 2,46 5,5 14,0 3,29 3,5 20,8

1,6 1,86 2,5 21,° 1,99 4,5 18,5

1,8 1,38 4,5 17,8 I ,36 2,5 20,9

2,0 0,84 2,5 22,0 1,02 4,5 20,7

2,2 0,43 I ,5 15,0 S-crack 0,82 2,5 21,5

2,4 0,61 < 1 22,5 0,58 I ,5 23',0

2,6 0,34 < 1 20,5 0,083 1,5 15,0 S-failurexx

2,8 0,35 3,5 20,3 0,037 2,5 14,8 S-failure

3,0 0,038 < 1 14,5 S-failurexx) 0,31 1,° 23,1

3,4 0,072 < I 16,2 S-failure 0,013 2,5 14,8 S-failure

3,8 0,012 < 1 14,2 S-failure 0,105 3,5 22,0

xx) Shear failure in nugget

x)Series II A: with zinc-compound welding primer

Series II B:not primed



TABLE 6 RESULTS FOR GRADE 37 STEEL WITH ELECTRODE-DIAMETER D= 16 rom.

SERIES II C x) SERIES II D

F N.10-6 e nugget nugget-or N. 10-6 e nugget nugget -or
plate failure plate failure

tonf cycles nun rom cycles nun rom

0,8 - 5,62 0,5 10,2 S-'failure

1,° 0,105 0,5 6,7 S-failure 10,68 1,0 15,4 not broken

1,2 4,86 ° 17,5 P-failure 4,05 ° 10,8 P-failure

1,4 3,52 0,6 18,6 P-failure 1,80 1,5 11 , 1 S-failure

1,6 1,55 0,7 10,9 S-failure 0,50 1,7 10,6 S':"failure

1, 8 0,37 0,5 10,5 S-failure 0,45 0,3 10 ,4 S-failure

2,0 0,014 0,5 9,2 S-failure -
2,0 1,000 1,5 15, 1 P-failure 0,57 2,0 17,6 S-failure

2,2 0,38 1,5 17,4 S-failure 0,074 ° 11 ,4 S-failure

2,4 0,0051 1,5 8,6 S-failure 0,072 0,5 10,7 S-failure

x) Series II C: with zinc-compound welding primer

Series II D: not primed.



TABLE 7 RESULTS FOR GRADE 56 STEEL, ELECTRODE DIAMETER D = 25 mm ON PVTO FATIGUE MACHINE

SERIES III A SERIES III B x)

F N. 10-6 remarks N. 10-6 remarks

tonf cycles cycles

1,2 19,45 not broken 4,81

1,4 12,00 X not broken 3,39

1,6 2,17 9,34 XXxx)

2,0 2,68 X -
2,4 0,66 0,97 X

2,8 0,45 0,46

3,2 0,50 X 0,57 X

3,6 0,30 X 0,18

4,0 0,20 X 0,17 X

4,4 0,105 X run out from 0,10

5,0 0,065
1,4 tf xx) -

5,0 0,070 run out from -
1,2 tf

x) annealed during 150 periods = 3 sec.

xx) after failure at 4.4 tf the fracture surface showed a crack front (47 x 3 mm)fromthe test at 1,4 tf.

xxx) dark and moist~fracture surface = X.



TABLE 8 RESULTS FOR GRADE 56 STEEL WITH ELECTRODE DIAMETER OF 25 MM ON 10 HFP FATIGUE MACHINE

SERIES III C

NORMAL OIL TREATED

F N. 10-6 dynamo remarks F N. 10-6 dynamo remarks
meter meter

tonf cycles tonf cycles

1,2 109,03 2 tf not broken 1,4 24,15 2 tf not broken

1,3 100,89 not broken 1,5 27,69 not broken

1,3 7,22 x) 1,5 6,35 xx)

1,3 10,39 x) 1,55 5,48 x)

1,3 5,60 x) 1,6 12,57 x)

1,4 3,31 x) 2,0 2,66 . x) run-out from
1,4 tf

1,4 2,97 xx) 2,0 2,77 x)run-out from
1,5 tf

1,6 1,84 xx)

1,7 ·2,53 x)

1,75 2,01 xx) x) cracked through one plate

2,0 1,61 x) run-out xx) cracked through both plates
from 1,2 tf

2,0 1,49 10 tf xx) run-out
f.rom 1,3 tf

2, 1 1,87 xx)

2,4 0,59 x)

2,8 0,38 xx)
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TABLE 9 2 SPOTWELDS IN LINE

SERIlS IV

F remarks

tonf cycles

1,4 23,48 not broken

1,5 21,02 not broken

1,6 6,47

1,6 6,78 crack in one plate

1,8 4,40

2,0 2,96

2,4 2,18

2,6 1,13

2,8 0,98

3,0 0,89 run-out from 1,5 tf

3,2 1,27

3,6 1'0,60

4,0 0,38

5,0 0,17

5,8 0,15 run-out from 1,4 tf

7,4 0,076



TABLE 10 TACK WELDS IN LINE

,
SERIES V

F N. 10-6 fig. remarks

tonf cycles

28 6,20 4 a

30 x) 2,06 4b

30 2,21 4 a fractured outside spotwelds

32 1,19 4 a

36 0,24 4 a fractured outside spotwelds

36 0,52 4 a

40 x) 0,38 4 b also cracked outside spotwelds

40 0,16 4 a

44 x) 0,17 4 b

48 x) 0,12 4 b also cracked outside spotwelds

48 x) 0,084 4 b

x) corrected to unwaisted cross section according fig. 4 a.



TABLE 11 COEFFICIENTS OF a LOG F + LOG N = LOG C
max

SERIES NUMBERS OF1) a LOG C cr STAND. DEVIATION USED RANGE IN LIFE N
SPECIMENS LOG N A NN x 100%

I A 11 3,0036 16,168 0,09055 23% 2.105
< N < 7.106

I B 9 3,0127 16,218 0,1145 30% 2.105 < N < 7.106

I A+B 20 3,0193 16,230 0,1025 27% 2.105 < N < 7.106

II A 7 3,0030 15,871 0,0510 12% 2.105
< N < 5.106

II B 8 3,0027 15,927 0,0181 4% 2.105 < N < 5.106

II A+B 15 3,0392 16,021 0,0467 11 % 2.105 < N < 5.106

III Normal 9 2,9923 15,930 0,0268 6% 5.104
< N < 5.106

III oil treated 9 4,0819 19,958 0,0843 21% 5.104
< N < 5.106

III A+B 18 3,1770 16,687 0,1757 50% 5.104 < N < 5.106

IV 11 2,9895 16,365 0,0600 15% 4 65. 10 < N < 7. ~o

V 8 7 15,7 -' - 5.104
< N < 5.106

1) Number of specimens within the indicated rage of life; for the total number of specimens see table 1.

Results of reused run-outs are not used.



8 1718 18.. 22 19 19 20 20 21 21 19 I S\
Q

I 2 3 4 5 6 7
. 11\

8 + + 12 \+ + + + + + + ;. T t \
)'

120 120 160 160 200 200 100 po:JO po 5'

x
Nugget di.am. d

Welding u:....
quence.

Fig. la. The effect of pitch variation.

100100100

..

d
X

.. ~18 18 18 18,\

i=$
l~ +4 t l'

sequence -c L
I 1 3 5 7 1

1
:+ + + +- i
. ~~ 20 26 26 ~Nugget diam.

Welding

Nugget diam.

welding clamp

Fig.lb. The effect of inductance.

I 7 2 6 3 5 4

+ + + + + + +

120 120 160 160 200 200

Nugget diam.

Welding sequence - 23 15 20 16 22 17 22

Nugget diam.

Welding sequence

Nugget diam.
WElding sequence

Fig.ld. The effect of welding patern.u===============

Fig. 1. Welding variables.



twIG D == 25 .

.............. ----

"

_-a-- ---""-'-

o
IiI'\
\1"1 I·

I
•

I

10-----....

I
r
I

I 0
.lI'\

a1 -_ ....m;..-

T 0
L1"l
r--.

10--- ... .- ---\)

~-----...

I

I
I

I

I
I

I

fig. 2a fig. 2b

a = 35 mill

b "" 20 ....

sin.Ie spot:ftld.seties II and III

for .eries IIC : D == 16 ..

for .eries lIle: 1 == 200 ~



~
,

+--
I

I

D := 25

~
--t~

v
l-

I

0 0
N N

s:
N -

I,...

-1--~
p....- --

I

I

--~--
I

0. 0-
~ 95

I

Ji
Fig.3. 2 spotwelds in line, Series IV.



-4-

I

--4-

~ 95 .1

D =2

50
~

o
N

r ==

~95

11"I

"'" "-.
~I-- -~--'-..... .,

I

11"I....
N

I

---!i-- ---$.-
I

0
N....

-t--
r

;r--j-
'f

I

(4 a) (4 b)

Fig.4 Tack weld t Series V

a: normal specimen
b: waisted specimen with glued on

flitch-plates.



lO

u ..

.1

1.5

..If.Cl

.~

,...j-

-'+

, I,
:: i

I

, I

+TT

iii

T

2 3 4 5 6 7 107

.., ,

-it-ttt-t-t:

+-

~4-+-r

+Ht++t+t=FR=H=R+tfl1 rrmllTmTTmTTTlTFT IIII !IH+ffilt

10'

flJl,±", It;:4t·
T

876

-.~t#m++

5

Ht l
'I I
1 t +-+-4++.

--\-+-+-++H I

t-
,,+
tel, + '

i:mill!IIIHli
'-H+tFIIIIIIII-\

i J I I I: I

:.t

4

•

:H-+HI I 11111111-t+HH++H++·u_.LLuJ.

3

+

~~:rmt·+ +,,'T'
" " ,+ I
:rJH±tH- ,

H=f=f+-F-r

t+f+'t=
-i~l

. t

2

±
'~J-I'-T
--'- '--i - -.-r-t--.~
I-TT ,-,---- '

~~t-+::r
+++-r-r-t-rH~ , , r +-

,t+-'it-H-+++++~-rH+H-H+
tI r1-r, ttttitt, I

,,+.'+-+H-~-L+'-i-+;.+ 't ' r-+-~ t-t- -l 't'+tW=W::'ti-Hiii±±l±T I'I "tTtt· ,-t++·tttli+m~j-rtf-++-H++

H-+-+++t-

'to' ll-l
P

25

.-

!t.o

C':
Il,"

J_

2P
T'

t --i::::i~'r ,1.0

,--j-

\S
fT'" 'tt'H,tg"~"T++!' 1+" ",-+-- - ++' tt,' " T+''''' "-:--' ' "

-t'++++'H--H+t++++I+H+!++++-++++tWt+t+ttttH+tt+t~:1:-rT~+ :::t~-:ll+~, T'-, -+=t-: I - ,=~,rttttt1ttttttltttttl t +~t-t+~" j--H rT i; :! I I ) ~ ~ : H+H-H

1,4

I I I II IIII i '1+H++++++-+-+-ai-,mT-t_I'~-- ",:~_r-HrT ' " I; '-~,+=tt-:+H+'mf.'" '~~~mt,~-LI fi+ffl+H-i+l+H+H-i++H+++tiH++H++++++-H-t+tttfJ-to+otff B-\
'-~ _L " 'I --+-+---i- ' t' -+-~-' f+ " l-+++H+t+f+

I . • i t J I ~ ; i I I I.; I i I _ I I ! lit I '

29 10'54105

ip "I I ",I 'Ii' I ' I' i 'I: ,., I " I "'..
-I- c-+_ -l -I- - ---+++.

- t- -i--t- +-1+ 1-+
, -n-t 1-' I~ : l-+rfT +
+, - t1i T 1+ . -tt: HTI

--. +
'i _! f+t± 1 '-rr- -

H-i-+++-H-+t+ :, -11- '. ,+~-~+ i B-T:R= I ~~+, .-j-i-Htt-H+t:tji-tr-It-H++++
t'+-t-+-t-t--f-+++--i-H-H, T + -T r . . !,. Itt· it '-+1 I hr-ti "t-++-,,-tH "+ .

H-t-HH+++I-++-H-hI+++H++';~tt'" lt~ ~-tj R-f -tt+~i-\ 'rHttH+t+tttttI-Htt+H+t+HH,'-Hi+ I I I I IIII 11111111 i H
~t ,1 -tr-t +1 Ht 1+ - ,t+H+ H- I II

I
8

N.V. Drukkerij "Merc:urius" WfHmerveer No. 23 X-as log, ...rdeeld 1.102 V-as log. verdeeld '-20 Eenheid 125 mm.



1Cft 2 ~ 4 5 6 7 8 9 lOS 2 3 4 5 6 7 8 9 10' 2 3 4 5 6 7 8 <) 101

I ,....::.:

F';
" --~

, L.' ".1 tf.1=.r.. f- ,r~= C~if ;'" :.:r,.~
......--1-. __ .• _._ •.._

-+-~r

-I---T--~ .............-._-.

_._--

__ __'_r__ --

t;

:
r T Lrr.:·:rr:r~m';~c:, , . -I"'''. ". ' .,. ,+ ,.-! ; ~ ..

r~;" .t:-:=
. ,. ,~-j--+

:;ti;::t
:'j -+-:::l+~,_

- ,.., ,', I~.r..:;:.,+,_+-

til"!;'"i'.' T;~Hrm£';-11't-H_ r-t -T ,.~. - ---+

It- ~:·if~ ,,"= ~-n

-J. -+

"

~-:l ::1.;
,.---:-

=1·C:j5=~-: ~ :: '.~_:=-::

~~~t···.·,.,.··,,·,,·-i-~~~~~'-":
,:::-:-.,.. . .+ .... , ~ 1

-,-' .
1, •• _.,: •

.+-~;.~-...... ".'---- --- --,--
-~ -'_.........-

~.

-"-;-"+-..i.-!:.+~

1 +.,

H ..
~--+-

,--j.·1~+='

.,

',.l.-_T.11l:.I:

,".~'T:-~
"t,.s.__

'I ..~-·t ..:- ::-~~~ ~l::I: _;

:-;-::~_ ~-~:i -: ..

'. it,::::t;:·,

.. fE"

,):
~~

r: : ;Jir-JL UTtnmnih.
--: 1

-... .---- .

Tr._

c:- 'f' ++1-+:": •.- :"r-' -- --
····Fr·

~.-

';-t~~tllllll~ifui~~II~~Tt~n~
- .FE£: !t r . . lL ";: :~i;it;;

r: . i . ~;;F ,..... ::_~ttr~i ~;;; -: ': r ::r file: I ' '

-:t:: T: ,; ! , : . 1 }: .1 .. ':'e erlf' y .• :",L:~::= .

~.~:f+ .. ~ i i:W .- i . :• ~ Ti: ; . ;'.: rr:. :: I~
ttt.f±±±± ' , , '+ ;. , . : :. . ,.. ; • , ';',,, "i' ....
'r:~4Tn±1::mfflrn:r;tffilITI~IT;i-j .,. ; ,.. '+ :-':: '! ". +. :',' '~,... --ct;:;i" t~.•.'~-,,·:

~~I;.t:~~ir~ff+:l1tfft'ht", 'I ,- - + '::;. ~ ..~"- ,,- e---
,,;t, ;.ntt.+1:tt:T.i-1-mH-i't1n' ,[1 1;·1:): : jir'' . ,1- :t·+.+.,...-- f;::::'

:+:+;- .. itt! I :1 j , ;.: . ": ...-' -, .; 'l'lt ..c.:;: ==: .:t; ::: ... .:':;
,. ".1::: ,.:'! . ,.c :::~ ,'C',-, _L .-....- .,-_ ..

tt:=.l-::~::..r:.":.:'t·::f·····; i:.t :·::,;;;;::.,,, 11~' ;r.: " '::. ;,~ .: III" ""''':=:::=''
~ ~"-~_~ ~.=_::- '-~-r---r +-:::.f_ i ,~ "·;.i f---- ._-~_:..- :
1--'-,,,,, • . '. '. i·f· , .; : tt ., f' -+."
~tj=:E1==t·~- _~.-L ~ • ~.. 1 • l.,; j..: I ...... ~:r

.f ,.:::., k I!;::~ :t :,llI; . Fl:' r,j:'-"+h'++f'+' ...:::::r:-. -_.o 5 r.----.-.-" .• ~; 'E ':'" 1:~: ! I· I" ;::: j , '.")' .' J'tltlH ~ ..+ :::: - ...,"-.., C
, t • .t----t ,t i' '-f· , . -.; , -- ,-- --N ..

to" 2 3 4 5 6 7 8 9 10$ 2 3 4 5 6 7 8 9 106 2 3 4 5 6 7 8 9 107

NV. Drukker;j "Mercurius" Wormerveer No. 17TR X-as log. verdeeld 1.103 Eenheid 90 mm. Y·as verdeefd in



:) 107,
-------. 6 2 3 4 5 6 7 ::.---.------.------.--- ..--.- rI 2 3 4 'i 6 T 8 9 10

~• 2 3 4 5 6 7 8 9 1 ~. '. . "" .
I . . " , _. f...4-l I ".,. ,.... " : lrn 'i,'nee'.:' .=_ . I" .t:: 1 : , ! ,t .. "_.. :-' " +~ ,L,.: , , . : , , 1 .,!: :~:r -,~:, ='C:" :c-;>~ • .' .• ' •••• ";'z.:'~~C'c _I,.:!: ,: '.. ,,·.. ._" ';; ~~~ :=Cc tI ::,,:~. t::: -"i' '.,. ",'; i;:; ,': .. :r~t;·'lr:·:·· ; ..: l:~r! f, , ... h.. : ,: t ','>: ......I' :r" '1" ~

'CC' liE'. • . ,;. • . •.• •• ." ,. "" ... . ..' ,_ c' .•..• :,. ',_ ,-i , _ =<J _
J '1-l!-i::~:. . ',,: . ; : ' i;:;" f" 1" ig~..::·.+t£~· _N !If I::::~, '::'1: '1'" :'1 :e-' .=_ec.:.·.;" ..... , .:" ',.'r-:-'-"--.'_,'·'i ""';"::'1,,"""" ',,,• .-.;.,> ,. [1, •. ,':ce'" ,~I,':', ,'..' . . · ,(.,A· . " "."1~L.. I". ... " '. . · "'ci t,~~.;J;fJjIIII:f. '" .- ,= '. --+0:1-

Ie;~H ;'~;; ,cr,~,:, ":;'=.'.,~ '-=.=,~~: ", '.. ••••~. .· c=r&i~~ .•... ."~~ "" ~, 5
I:: ;..... , ,f·i,,,. .,. ,;. " I" -", ,. : ;f: .' I". ., " •. ""r. .. ..... r.:: _.. ,. ~

II e->-' " ' .•••• ,.. . "". , e... • ' '.. ," .. .6i.,,~,iit __ ..= ,i. 1= I•.5 0 e= I ' ., ,". . . .. . . .. ~ __ ' _.. .--
1 .~.. '.. . i.i' .._'..... ., ,.' ,_ ":

• I, .".. '~c-.-.-. ,. , . ..~ '>c, • r --c" C'ce
4 •~<- • _ " ~:.,_~~~,~uh_. T,,!;'['. .,'c:.'~ .• _=.~.-~
4 ,o-.i ... ' .. ,- -",. -. ii-' ,,, ." '.' ,. •.•• " ~_. .'. _ ii '" ' 'i,= Co• -.-- ,- · ""c", ~ "CC. ,. ,_". '."",=~.,_,_ .'.c,• ',',c '. """" '-,-,.-.,. "".~I'cc"b ',_., '" ' ..... '. ,_ ,3.~' • . c'i'f 'i'" ,= ,'C .._, . . ~i" , , ='---3

• ---.. ., '. ,"'" '., ,,,-, i . .. . , pccci='" · "'",'c=c "i -,., T:c::" '--+-.;; .. " , '..r: liT' 1:' ": ::if:": I. ... ;r: [J,:- , f', ", f:: ":..., :" +;: fT!-'- =.-::-:=:..:. _ ".1=::=1
3 •g..~'C' ,. L., . " '.. , .. . ..J!~",i ,..-.if ,.. i '~' . ,,' ~; .."", " .. ..=~," ,''OJ 2

C: ... : ... : :;:"::: r;: ''-- :l. ,.. '." . '.~._ .. h+ ~. "... _ "" :.=..._ . .. ~
2 ."-.;.~ "~.. -'C.. "ii, 'co'c .. ... . .. "" i" :.~ c:.."", ;",;,,'" 'ii.~;';:"-, .F ,~,=-"
~, . ~. 'd l " '. '" ,i'", '.:,'. . • ~,;;.:;:,~;,:"1c ,,' .. .'':''''.'''' .' ,;:. ... =,.. '. ' • ,:;~ 2. , "',Lt'" ,.,., :: ,. I . ,:' " " -+ H • ..H . -- .. . ..-- . .. '--_~ 1-___.

'.. : f':: : ... " ~.., :.: . "".. . ... , ""-+'.: l-' ",::+'" '~ '. "... . ,_. =:::1-_,..1=-

t
·~:·-+·--'-··· ..""_..:· i"t' '.... _.~+:~;:.::: ..,.. : 'u • ..... ,r:-.....:.::.. _".. .~~2 ':.","', .r.::.".'.~." 1++ L. ,.. ,;.: ·.·::~£""'-J::£:T:·:; "·.ut:" H+ ::: ...,.4.._."..~ ,.. !__ ,' I:: rTJ:::tJ:. it t'T+, .. .__ .... .
+"'--:'. " "'.. ,'t·L' "-"c: L; .;:. + .. ., ',' 'H' .•. ,,, ._ ...L .+.,. 't ,·,·,,+t, "'i:!'+-r't"'t:t::tdnttt : ,·:.i"L,.Jfi+".JL_rr.,.J It.t-El'm..~~

::t:1t :::C'''C::,l,LL", . ---" .... '-- .. . ttHttt.~r:i t ;tLtt:tlit+ifft_ t ",

.f-tlll ., .. tllft*rntfll~r::. ,v l}tt:n~r[fT,r + t :' r~~ f: ~~t:l~~l~t;f~::r·t I 1 ft'::I: =. 'Ct¥t~lfH[t.~~"IEd,.L,LIi",LlLJf"JUhlU ,tl' I j I, ",.,,,1'1 1 -h l . f ",1"1,,:0 r;

"-.t-=-~:~~::

.,'4

----4--

2

,.
r-~!..:-

3 4 5 6 7 8 9 105 2 3 4 5 6 7 8 9 106 2 3 4 5 6 7 e 9 1'07

o



5

,(J

) .c

h 5

4

45

~

Efi1

c=;(~~~ ,C

','

++

H

1:""T<

•
~ r 1

4 5

··.........T·

""H,~

T...-

''''_.-:r;::

!

.;:-.-:=t.C",;

':=:iiiii:~~t'

-+-----.---L-

--t'+

------.+~-+.

~.

---'------..----

_

.• e- -~--

...:.l. " ..c::- ." '.' ~-4.~+
~ , +~ ,~t' _ -t=Et

::+~c='",
-+---;-------- '--.--...

8- - .~n.~. ~¥,

2

...::::.:...-

-c~_

.-_..,.+ - ~- .--

.".

~

n'

.;

'&11::-':::

:i~gf=.:c$

t+ftH

•
~~+t+ ;.,' _---=::!::-~ ..:

H"" --t.~.
tF. 't=t':':;==t=:£ft+ , ;.--t----t-~

.~_ .....

1I····.,~_ri: .
1"

:t

~ ~-~;I·:;

~--<._~

7 8 9.'"

':It:i~E~

,-.;.r=

6

'~

~. ~,r--·t;;"j
- .' -;- i".: t L~.__ -~. ,.t-:

. .. ~ ~ + -., •

-+-.£!=1-J:::::. :1', :

=1-:.1--:::'

·trri::::~

5

•

H'
'. ' .•.. '. 'j" -+. i.'ill" fiT';

·.;...~L:L.;:::::B'i=;·
~+~

~i~
"'" -'-~ ~-+---...~t-

~~.. ,0
r=:2c:r::::=·

tr
1.]:,

f£tmt1H .c....flt-i-miitJ

'W
:tt~~l

+~}EH
+r

4

+.1-.1-.

1f
.~-:-j
.., ~""-'

: • t:l

ml!

3

. :i".=-

--

--'-----+
'0 •

. i

-~ _.~

2

. ,i" , .... j..

--;:
"

:~t:;~

..-ft:-.-.,.., , .--, ....
- -_.. _-- ,-.,.

. - . ',...,.. '-,
,~ I ..: - -' -::: .• ::

6 7 8 9 10'

--

~
.

- ..~_."_. -,-, ~-_ _-
i.:.:.. ... ::. :

. " -~: ..._.

54

"riA l

.. ' t.".·. '1T''1'"; ! ~H-'~H+::-~l~l
~ 1i ,

t· ,I'

3

ri Ii j

t ·i·

'1'1":! ,;; y!

I t
f";l: ti: il ! ifi:Et:t~ ~::+;

: , 1 ~:; i _)1 b-Et~-:_:

..

,., I• I "
: " : {

, .

2

...:-.-
:t8._-.--'-++:-. T:

-

7 8 910~

!'~a=tP,-;

] ei'j_" .
<: t:,T:', d3; ..

~~42+~ItlL-+
1 -

2,0

3~¥rtrl

3,-4*~l~-t:-:-:l~l

2_rmm-illlL

i--'--7-;--~~5' 2 3 4 5 6 7 8 9 106 2 3 4 5 6 7 8 r,.' 2 3 4 5
I I I

Wi ".'.i"~1 ::., !. + "1,': ; f:"LW:' ·~:f--.~=:::~t-:.t.:C=:·::·";~r~ j- +H

eL::: ..!... . II '1;. . ! f:'I: Iii ~<iU;: J'~c:::"~f--.+:.:~j:;~:;t· S-t+~~ EE~t-
~ "fJit . i it: . . . . , !! 't 't·-.-::., . -- ~:~ ~ ~ ~,(
~, ~::r·;'-:--'- "'if:: ~"r' !J: :!!, .-,,,'::: ,. :::. ~

~:fEI:.· .... +'. .I . .. ..:' '. . .,~ '- .., . I''::.: --. , i:t "" !:r~--'

t~~J' ",e ,~__~ '._._,~' -+. ::' i~:: :;::11, ~:': .: ' ,~_.>.::+.:: :;:~:>::I" 'T· H ~_
~t~h;: :ti ,:'1' ]f'· ': i.: 1 : I: .... , .. ". '::~ .. ,., .. :~ r:: f~.~c.-- ;--",-=F.:J~ . r:;:

\4lJ1tl••..... 'T'.. ii i ..' •·• ' ."-. •••• .". .•• ,.'" .'; ...~::-t ",.'ii, .':~"~i .~ ,'~ +c~c'~~L ;~iiii ,,: ..~ ,
,. 'tn ' '... -hi: . ,----,-- ". '", ~--,.'
, .. , ':::-::' .... f'· ;::r:: I~~,:~' --. f---: . - :. :

'Iv. 0, No. 17TR X-as log. verdeeld 1.,1 03 Eenheid 90 mm. V,as verdeeW·"kle:erii .,Merc"ri"s" Wormerveer in m



------_._----_.-~-.---_.. _-,--,------_._---- -

2

,

-+

._.-

-t--+-~:u.-"-
-t=:

~j
~
f@~:-

54-

:l-,'i:.C':;:T

-h-

;:rc":-~~
j:ft=_: ::=~51-

Hi

·;';'~H;""-,,:_

lli
j-, --'-,-

.-p. '~- :-~-. -=

-nt _ ~-:~f(

4

~

•""--
'" ~ --~~- ""';-~ --.--
:±l~ ~::--'-;.::T ---:.~-' =:;' -7: -_.

TjI
4 5

;;'~:m=

-~._+-~

.,;;ti:,++

::-=:i~tl:1r.- ~ ~:::+-;±t±1.ftj-+
~ , ;r-+

C __~'+"1'.
-r-~-"-' .

. -, " -;

3

3

~_..'t;:t~::=q

::±+---:::P:::C"V::-'-\

+..-_=

_.. _."~

- ··l,-

-_-"':E,''=-

r:-~"i:-=,..'h-

--+='- --

.-.+_.~-

~- ... ".

-.::T:..........

+:'=-'::l=::f~~+=-

£. -,-++-. ,
-._c-~::;.:::;::----:-.1-

"--
~.=
~~

2

2

1",: :-:.=:-

.

--,----

_... ~,.-

t::.:~--±:

-'~'+-'--r---

C-=:li!:·IE~-;"--~-=4-:: "'" -
--..-._.........-- ',._.

" +--''-r-:-__ ~--+-+

~

'~

-4.:===--

_$==r=r

_~~-E~Q~~~

~"'"

!
..::::=:t=::::-

--=::--=f'-'.=E:= '.
+:~"-=L=-=----="

-'-F-'·,C-,L1 =FC:: _.,

:~~ .~·,t: --

F'-

~iHE£

9 107

I

~'"

1'4

"'~~'=::::!:--=t=. :
~t --.~

~~

l=:;.;t.;:;'

7

---'}Ilt,=.fi';]k ..co.

6

b

L.,t -l

I : ~

1:

•

,::-:-:::::.:TLT

- ..,...•.." ••," .'.. -.....•" •.. '..-.--'....' .",
~ :~_.. ~~-= t~' ,:

-'::-:- ->~~-~ :~-~- .~;
~ .--. ''"+''--' ~~_ •.• ~-

: ,- - ... - -.- ,.. , ,-~

r •. _ ,. I- .. ._~_.•._
~ ,..- - ;.-.... -- ;.-;-,

;"-:-;

5

1 :

5

t+:-1

'.i.-~T

_,,:a:=:=:
h

T
+;-

[

+jHiT'

.1
--

:-/ -2: ~~.- .~..
r T -,. ~ ::: _ + ~ .- '

+T - - ~ ,. T

<-t-- ~ , - <- -- - _. • .... -.,-, T__ _ __ _ ~ _
;~ :::: -~_: ~ ~_ ~ ~~~ . r. ~~ __-L-~_

-~---- "~'_~_-

~,-- ~-~ __._- ---'-

4

4

.~
tj~4f;itfj::~ : t:t

3

3

;':!h
ltt-¥tID~~~~"-++

-,

I"t.r'-

I

:t"!'tr
- - L ---f::~::~

I
,t-:-:,;
;;;:i:

: :-: -~~.Ll

'.. ' -T. ".:--~ -:' L-~- t":
: ~ :". '.;-(_~

2

2

.;.-t-:--~! '

9 10'

B 9 106

B

7

7

6

6

5

5

,
, •• j

"tic"

4

4

::

3

3

2

2

: F:

~; 1 \

. '"; ~ • t t ' ,

., '1""F!'::·;

~

EfHlHfi1;;;lliliJsttm;, ~: 'i':~::"i; , : i ;'.. ,:---:tT~+t+tB1+4+-~~-- +-- I I I n +

1 • ' ; I ': I

e 9 1'05

~
.--:,::

>~~: :::' :__~> :~~~~
2 "j'. ;, ;"':;': :;;;+ "J ':

9 ,0" !

. --,-
~. " i

- i

+_~'-T~' ",, "
j:

,

2.~ '1~;T~#~::~-::~@_~-c:

iILl~~GtTl

--------------_._--_~_---_._-----,----,

4.v. Dr No, 17TR X-as log verdeeld 1_103 Eenneid 90 mm. Y·as verdeeld'ukkerrj "Mercurrus" Wormerveer in m



I
1

- -I

t+ --I
+-+-"+.1.

I

I
I ~



10.5 s::
o
~

2 3 4
I

5 6 7 8 9 10' 2 3 4 5 6 7 8 9 107 2 3 4 5 6 7 :3 9 1~

:r

~~~."."h+': ~~-~.. ,

"•.....r,'".'-''' .~ ....... '- ...
:;:t:' ':::+ :
~f""'" ',-

+-- ' ...."'-"- .::::

+*~

+_.

+"

f:

=~.

, T.

:-: ' ':' +:' ....
~±~ 'i: +'t W~
t:r' "i+"': rtt +-~

+ m: ~i:: ':

.L'- t

+ffffj=f~:'

,Jttm;m':,.t- .....~ . t+- +.;.-,-

f-H+ ~ ~":~.::

~: .
t--,,·

~

: "ttl+'
-.~ :. ~ t_~I1II

;:~-t:-:~

.,

J"

-:--t,..:.. J '

. ·W·· l
; . : .: 1 l
;~ .,~

I

. t':;

rei,Li:.
:~".rf.!,:J

'cl'.;:
i 11 ~H

. a:.; ~--::-_ ~

..-

"~~.. '.. -.J::·..·1··' .. : ..:~ :;~;:
ltrt

t-'"'

i.··,
r"-'

:t:::tiT:+1=it''ft ' :t:'-
'c-tS--1"-";' ,

HI

!:.

...1 :.~'_·.l

ttl++t-rl=

'-fu"~ '.',.~_.~---~--~.~
:;~

.:t:

i' , "1":~T r'J. ':l"-
-r---r- ~

--,.ay-,

3 t !! tt
-? i--l

2 ~=f~;:~i~
t ":T:

to _~ ': . . ::: ., .~" :::c: T_'S: :~v: J:~-tj:~f : :~.'::: ';;l: i c=

I
. ~~ :_~ """.__,e I' • . . " .- "-, . •. ., .5 <r '""~ ..' ~ . . -, h , 1:',.,.. -lie ':,' .;.' ;~:;~,; "r .IC"~' . '~';' (i,'" '. - ..." ." ,.. '::. --, c+"st-·

4 ~~.T::~:;·.f::':::' ,..:. .'0,",.+'".", ,,,.·i,.. .-, ir- .... ' ,.,',,,,-

''F''-'--'" ~.-" • "'. ," ''''' .,,' . ."+i'-i'f.:£'C"o ' J_ • Yif" fl'i' . IT C"C ,. " .• C . '~. . rc~',,,, • r=:; ;. . .:.f., . • _' ..'- ..' ','.- 'T:'''~ e="""
::IT;",""'." _' r.".' E'" ... +.' :.'- .,- .::..~..~ ~,.. , '=':.' =1-

_ ,"''" ..,~i·' .. =,- .. -,-'''' ; ..., ..,,, . . " :i=-=::, +Jb.c:- ± ~','" 'C",,>,e" ,!' ;:';: :_:+"F",_, ";.: +': ,:::=E:=b~ .
, ~<:=:I~t::~~~.

: ':ccE,
:- -1:·L -

lHmB~ -"" .~

1 , t'J t".:,

,'Et:tiH -4-o-,.+·
~:l::;'::fr+:t't--·+:t::="

...1~t,-'-

105 2 3 4 5 6 7 9 fo' 2 3 4 5 6 7 a 9 107 2 3 4 5 6 ., a 9 1'0'



vi 2 3 4 5 6 7 8 9 10' 2 3 4 5 6 7 i 9 101
I I

l=-n,:.r-H"-" t+:j: -+ t= :ti '1-- i=!=j:::r ,~
. f-+-" ~ H" +1- + ,- t -+-.-,.

~ " , C
r

i , r =[:- "- 1 -:- + ~=t=:
::i:t + 1- +--1= tt -:] ~+:-_I::m1- j- -'-'. ~ +~ ~ "--rr; 1::--

'1""1-+ ,,+++ . + --+ +ii'• , "
r'F,t +, -r + .. ' 'tr r' - + H
. I "t-'I

,'1 tt' ~ 't· +- "~l+-:ii-HHi
10': J....+........4-+t+ " ~-i- I . ~~I I . ,1••e 10

__ ~T go

;- ~

7() '"

1- + 60

i i ! 1=
~ ~..
_______.'1-11, Rt,.,

mm
~

l~~llmlll!~~mllllllmimillmll!lrnmlmmm~gijlmllllll~llmmmll[-
LHf-i H ' , t 1:1

r;p, I . - +HH-i-fl-+J=i-lttt+ i '.' l-j i -l-i--W-1--I---I-+-W-l-, I , , ' i ,

ttl I :+~+t +h-m~+ II ,T,ilill '1IIi:'I"
,H I

_lllillllllllllllllllllllllllllll I i I'! Ii 20

r ; it:
J:,,~, '" ." ... ,",. " " . "'~ ,." 'T~" " • " ". , , , , " " " '" "",. , , , ,"+_'I " I I " I ' , " I I I ' , , " i+ Lt _ .......... I I ,;" .. j , L.lJ.1

-r' -t
I j-tU -i

t-'--~i -1-+-1-+'1' -1" I-li -H--l-I l 11 I J \ Ii, 'I ! " I l t \ ' :

H++H+-1+l+H-I+Hff-+++-H-++HH+-H+lI+++H,H+++-+-++-j+--l-+H-+_+++++-I+I-I+I-+h-++---H-++-+-++t-r-t:l;'tTW i Wl liltU

5 8 9 10' 2
I

N.V, Drukkerii "Mercurius" Wormerve.r No, 23 X-as 109 .erdeeld 1.10' Y·as log. verdeeld 1·20 Eenheid 125 mm.



- I

--+----, --~...

----

a. crack growth through the nugget.

Fig. 13. Types of cracka.

A

b. crack growth through the plat

crack growth lines through the
plate.
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