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Dye Penetrant Testing of Welded Joints Made of Nickel
and its Alloys

Abstract: The article presents tests involving natural cracks, including measure-
ments of the width of cracks and the profile of their surface roughness. The in-
vestigation also involved tests performed in order to observe how a given factor
affects development times in penetrant tests as well as to determine what time
of development is recommended for nickel and its alloys in order to detect un-
acceptable welding imperfections (cracks). The article also discusses the effect
of penetration times on the duration of development times and sizes of indica-
tions in penetrant tests.
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Introduction methods. One of the most popular NDT meth-

Welding processes can be accompanied by the ods is penetrant testing. During penetrant tests,
formation of welding imperfections compro- a penetrant, supported by a developer, “leaves”
mising the strength of welded joints. The most a discontinuity to reach the surface subjected to
important imperfections in terms of welded the test. As a result, a dye or fluorescent tech-
structures are cracks. Surface cracks can be de- nique-based indication is obtained (Fig. 1). The
tected using various non-destructive testing time after which a penetrant reaches the surface,

Fig. 1. Indications obtained during penetrant tests: a) using the dye penetrant method (observation of the surface
in natural light), b) using the fluorescent method (observation of the surface in UV-A radiation)
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Fig. 2. Butt joints made of Nickel 200. Roman numerals represent
numbers of successive joints
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Fig. 3. Exemplary cracks in the butt joints made of nickel (magnified 4x).
Roman numerals represent numbers of successive joints; Arabic numer-
als represent number of successive cracks in a given joint

referred to as the time of develop-
ment, may vary from several min-
utes to even 24 hours. The objective
of the investigation was to deter-
mine how the width of a crack and
the roughness of its surface affect
the time of development in weld-
ed joints made of nickel and its al-
loys and what time of development
should be used in relation to these
materials. In order to obtain more
accurate results, the tests described
in the article were performed using
natural cracks [1-3].

Test Specimens

The tests involved the use of Nick-
el 200. The determination of crack
widths involved making 6 butt joints

(140x240x6 mm) (Fig. 2). The melt-
ing of plates nos. 5 and 6 was not fol-
lowed by the formation of cracks. In

order to solve this problem and cre-
ate cracks, plates nos. 5 and 6 were

cut at the area of melting and weld-
ed. The butt joints were welded us-
ing the T1G method without a filler
metal. The test joints were provided

with numerals.

Tests

Before the tests and measurements,
the specimens were thoroughly
cleaned, i.e. post-processing re-
mains were removed and the sur-
face to be tested was degreased in
an ultrasonic washer using extrac-
tion naphtha and cleaning solvent.
After washing, the specimens were
dried at a temperature of approx-
imately 20°c, using a stream of
compressed air. As expected, the
butt joints developed cracks (see
Fig. 3 and 4).
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Macroscopic photographs of the cracks were
made using an Olympus szx9 stereoscopic mi-
croscope at 4x and 28.5x magnification. The
widths of the cracks were measured using the 7
Auto cAD 2012 software programme and digi-
tal photographs containing visible cracks. The
measurement accuracy amounted to 4 pm. The
number of measurements performed for each
crack varied as measurements of crack widths
were performed at 1 millimetre intervals. There-
fore, depending on the length of each crack, the
number of measurements varied between a few
to more than a hundred. The designations and
widths of the cracks in the butt joints are pre-
sented in Table 1.

Table 1. Designations and the width of the cracks in the
butt joints made of Nickel 200

Number of Crack width,
. . Crack number
joint um
1 8+612
I 2 28+368
3 4+340
IT 1 4+456
11 1 4+204
1 4+272
2 4+48
v
3 4-+248
4 4+104
Vv 1 4+-684
VI 1 4+1228

The width of 11 measured cracks was re-
strained within the range of 4+1228 um. Before
breaking, the crack areas (in order to measure
the roughness profile of crack surfaces) were
subjected to dye penetrant tests. The penetrant
tests of the cracks involved the use of a set of
testing aerosols designated, following the re-
quirements of standard PN-EN 1O 3452-1, as
[ICe-2, type 'Diffu-Therm”, manufactured by
H. Klumpf Techn. Chemie KG D-45699 Herten.
The aerosols used in the tests were as follows:

— penetrant — r ed colour, type BDR-L, lot no.: Fig. 4. Exemplary cracks in the butt joints made of nickel
20 15, filling date: 09/2015; (magnified 28.5x)
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— remover - type BRE, lot no.: 22 16, filling date:
02/2015;

— developer - type BEa, lot no.: 23 16, filling
date: 06/2015;

— guarantee period - 2 years;

— no chlorine or sulphur compounds in the
chemical composition.

The tests involved the use of the following meas-

uring equipment:

— luxmeter - type LX 105 manufactured by the

company “LX Lutron”;

thermometer/hygrometer, model 303;

caliper with measurement accuracy of 0.02 mm;

workshop magnifying glass (4x);

non-shredding fabric.

The penetrant tests of the cracks were conduct-

ed in the following conditions:

— temperature of tested surface — 22°c;

— ambient humidity — 23%;

— penetration time - 10, 30, 90 and 120 minutes;

— development time - until the end of indica-
tion development;

— illuminance of tested surface — 584 Ix;

— observation distance - 10-30 cm;

— observation angle — from 60 to 90°.

The tests involved all of the cracks in several
tests, where variables were the time of penetra-
tion and the time of development. The time of
penetration amounted to 10, 30 and 120 minutes;
the penetrant was applied several times so that
a surface subjected to the tests was permanently
covered by the penetrant. The different values of
penetration time enabled examining the effect
of the time of penetration on the time of devel-
opment. On the basis of information contained
in reference publications, the time of penetra-
tion was extended to 120 minutes, in compari-
son with recommendations of related standards,
stating that the time of penetration should be
restricted within the range of 5 to 60 minutes.
The additional measurement was related to the
time of development when the penetrant was
applied only one time (9o minutes). The meas-
urements of indications were conducted after s,
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10, 15, 20, 30, 40, 50 and 60 minutes etc., until
the end of the development of a given indica-
tion (Table 2). Only one indication of the long-
est crack was recorded for each specimen. Each
penetrant test was performed 3 times for spe-
cific parameters and the results were averaged.

The measurements performed at the initial
stage of indication appearance aimed at the more
accurate determination of the dependence be-
ing the subject of this work and the dynamics of
crack formation. The adopted maximum time
of indication development exceeded the rec-
ommendations formulated in standard PN-EN
ISO 3452-1, stating that the time of development
should be restricted within the range of 10 to
30 minutes. The time adopted in the tests was ex-
tended in order to determine the recommended
time of indication development regardless of the
recommendation specified in the above named
standard. The specimens with developed indi-
cations are presented in Figure 5.

Fig. 5. Selected specimens made of nickel with indications
originated in cracks. Roman numerals represent numbers
of successive joints
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Table 2. Sizes of indications originated in the cracks formed on the joints made of nickel. The penetrant was applied so
that the entire tested surface was permanently covered by the penetrant; * - test joint covered by the penetrant once

Specimen no. I

Time of Development time, min
penetra-
tion. min 5 10 15 20 25 30 40 50 60 70 80 90 | 100 | 110 | 120 | 140 | 170 | 200 | 230 | 260
10 40.5 | 42.0 | 43.5 | 44.5 | 46.0 | 47.5 | 485 | 49.5 | 51.0 | 52.0 | 52.5 | 53.0 | 53.5 | 54.0 | 54.5 | 55.0 | 56.0 - - -
30 40.0 | 42.0 | 43.5 | 45.0 | 46.0 | 47.5 | 49.0 | 50.0 | 51.5 | 52.0 | 52.5 | 53.0 | 53.5 | 54.5 | 55.0 | 56.0 | 57.0 | 57.5 | - -
120 39.0 | 41.0 | 42.5 | 44.0 | 45.5 | 47.0 | 48.0 | 49.0 | 50.0 | 51.0 | 52.0 | 52.5 | 53.0 | 53.5 | 54.0 | 55.0 | 56.0 | 57.0 | 57.5 | -
90* 39.0 | 41.0 | 42.0 | 43.5 | 45.0 | 45.5 | 47.0 | 48.0 | 48.5 = = = = = = = = = - =
Specimen no. II
Time of Development time, min
penetra-
tion. min 5 10 15 20 25 30 40 50 60 70 80 90 | 100 | 110 | 120 | 140 | 170 | 200 | 230 | 260
10 46.0 | 48.0 | 48.5 | 49.0 | 49.5 | 50.0 | 50.5 | 51.5 | 52.0 | 52.5 | 53.0 | 53.5 | 54.0 | 54.5 - - - - - -
30 47.0 | 47.5 | 48.5 | 49.0 | 49.5 | 50.0 | 50.5 | 51.0 | 51.5 | 52.0 | 52.5 | 53.0 | 53.5 | 54.0 - - - - - -
120 47.0 | 48.0 | 48.5 | 49.0 | 49.5 | 50.0 | 50.5 | 51.0 | 51.5 | 52.0 | 52.5 | 53.0 | 53.5 | 54.0 | 54.5 | 55.0 | 56.0 | 57.0 | - -
90* 47.0 | 48.0 | 48.5 | 49.5 - - - - - - - - - - - - - - - -
Specimen no. 111
Time of Development time, min
penetra-
onmin | 3 | 10| 15 [ 20 | 25 | 30 | 40 | 50 | 60 | 70 | 80 | 90 | 100 | 110 | 120 | 140 | 170 | 200 | 230 | 260
10 0 T S O e e O e e I I e
30 85 | - - - - - - - - - T e e I )
120 |90 | - | - | - - -0 -0 - -0 -1-01-0-1-"1-1-1-1-1-1"-+
90* 80 | - - - - - : - - - - e D
Specimen no. IV
Time of Development time, min
penetra-
tion.min | > | 10 | 15 | 20 | 25 | 30 | 40 | 50 | 60 | 70 | 8 | 9 | 100 | 110 | 120 | 140 | 170 | 200 | 230 | 260
10 525 | 560 | 57.0 | 585 | 595 | 61.0 | 62.5 | 640 | 650 | 660 | 67.0 | 67.5 | 680 | 685 | - - - - - -
30 530 | 565 | 575 | 59.0 | 60.0 | 61.5 | 63.0 | 645 | 655 | 660 | 67.0 | 680 | 685 | 685 | 69.0 | - - - -] -
120 | 530 | 560 | 575 | 59.0 | 60.5 | 620 | 63.0 | 640 | 650 | 66.0 | 67.0 | 680 | 685 | 69.0 | 695 | 700 | 710 | - | - | -
90* | 590 | 595 | 600 | 605 | - - - - - - - - - - - - - - -
Specimen no. V
Time of Development time, min
penetra-
tonmin | 3 | 10| 15 [ 20 [ 25 | 30 | 40 | 50 | 60 | 70 | 80 | 90 | 100 | 110 | 120 | 140 | 170 | 200 | 230 | 260
10 143.0 | 146.0 | 148.0 | 149.0 | 150.0 | 151.0 | 153.0 | 155.0 | 156.0 | 157.0 | 158.0 | 159.0 | 159.5 | 160.0
30 144.0 | 146.0 | 148.0 | 149.5 | 151.0 | 152.0 | 154.0 [ 155.5 | 156.0 | 157.0 | 158.0 | 159.0 | 159.5
120 144.0 | 146.0 | 148.5 | 150.0 | 151.0 | 152.0 | 154.0 | 156.0 | 157.0 | 158.0 | 158.5 | 159.0 | 159.0 | 159.5 | 160.0 | 160.5 | 161.5 | 162.0
90* 143.0 | 146.0 | 148.0 | 149.0 | 150.0 | 151,0 | 152,0
Specimen no. VI
Time of Development time, min
penetra-
tion. min 5 10 15 20 25 30 40 50 60 70 80 90 | 100 | 110 | 120 | 140 | 170 | 200 | 230 | 260
10 74.5 1 76.0 | 78.0 | 79.5 | 80.5 | 81.0 | 82.0 | 83.0 | 84.0 | 85.0 | 85.5 | 86.0 | 86.5 - - - - - - -
30 75.0 | 77.0 | 78.0 | 79.0 | 80.0 | 81.0 | 82.5 | 83.5 | 84.0 | 84.5 | 85.0 | 86.0 - - - - - - -
120 75.0 | 76.5 | 78.0 | 79.0 | 80.0 | 81.0 | 82.5 | 83.5 | 85.0 | 85.5 | 86.0 | 86.5 | 87.0 | 87.5 | 88.0 | 89.0 | 89.5 - - -
90* 77.0 | 78.0 | 79.0 | 80.5 | 81.0 | 81.0 | 81.5 | 82.5 | 84.0 - - - - - - - - - - -
Note: Indication sizes provide information about the greatest values of indication in millimetres
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The penetrant tests of the nickel specimens
containing the cracks revealed that one of the
objectives of the work had been satisfied. The
tested differences in penetration time related to
the joints made of nickel revealed that at longer
penetration times (120 minutes) indications
were greater, which could imply the necessity of
extending both the time of penetration and the
time of development in relation to these mate-
rials. Sometimes, at a shorter penetration time
(10 minutes), the indications were slightly great-
er than those obtained at a penetration time
of 30 minutes. Such differences rather demon-
strated the specific nature of the test process it-
self as the process of penetrant testing consists
of a number of phases, each of which must be
performed paying significant attention to detail.
Each negligence, usually unintended, in the test-
ing process decreases its sensitivity, leading to
the obtainment of a different final result. Know-
ing this, it is easy to explain detected inaccura-
cies, i.e. greater indications obtained at shorter
penetration times. When the penetrant was ap-
plied once, the indications were significantly
smaller and the time of development was short-
er. It was also noticeable that in most of the cas-
es, the size of indications grew dynamically up
to approximately 15-20 minutes of development
time. After this time, the increase in indications
was very slow and in most of the cases finished
after approximately 200 minutes (Fig. 6).
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Fig. 6. Dependences between indication sizes and
development times for the cracks formed in the joint
made of nickel
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This implies that when performing penetrant
tests of joints made of nickel and its alloys, the
time mentioned above can be recognised as
adequate for detecting unallowed external im-
perfections (such as cracks). The tests also re-
vealed a tendency that an increase in the width
of a crack was accompanied by an increase in
the time of development.

Another stage of the tests involved measure-
ments of crack surface roughness. In order to
determine profiles of roughness in the cracks,
the butt joints were broken in the areas where
the cracks were formed. The rig used for test-
ing the profile of roughness was provided with
the Turbo Datawin-NT software programme
integrated with a Hommel tester T1000 (con-
tact profile measurement gauge) (Fig. 7). The
measurement equipment enabled complex di-
mensional and statistical analyses of microge-
ometrical parameters as well as the visualisation
of the stereometric structure of a surface sub-
jected to measurement. The equipment made
it possible to measure the following profiles:

- roughness (R),

— waviness (W),

— primary profile (P) and roughness core pa-
rameters (Rk) as well as parameters of the
motif-detection method (WD1 and WD?2).

Fig. 7. Hommel tester T1000 contact profile measurement
gauge
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R- Profile Filter M1 DIN4777 Le = 0.250 mm

Such a wide range of measurements | 1o |
was necessary in order to determine
correct values of the surface roughness

. L fym]
profile. An issue posing difficulty was | 100 -
the waviness of the surface, the rough-
ness of which was to be measured.
As a result, the equipment made two | oo

measurements, i.e. the surface profile | pm : : , : : :
SO, b o e A R B i A A A A :

0.0

1000 L - 1

and the roughness profile (Fig. 8). Pick-wp TIE Lt =150 mm 150
After approximating the value ob- Fig. 8. Measurement of surface roughness (top) and of the profile
tained after measuring the surface pro- (bottom)

file, the software programme converts
this value into the profile of roughness.
In addition, during measurements, the
screen displays the visualisation of the
stereometric structure of the surface
being measured (Fig. 9). %

The software programme integrated
with the profile measurement gauge | EESSFSERIEIESIEEE ST
provides a lot of data concerning the |
surface being measured (Fig. 10). This

Fig. 9. Visualisation of the stereometric structure of the surface being
work discusses one of these parame- measured

ters, namely Ra, i.e. the average arith-
metic deviation of the profile from the
average line. The profile of roughness
was measured for each crack in 3 ar-
eas; afterwards, measurement results
were averaged (Table 3). Due to the
shape of the joint surface after break-
ing, not all cracks could be measured.

The roughness of surface was meas-
ured in accordance with recommen-
dations specified in standard PN-EN
1S0O 4288:2011E. The length of elemen-
tary segment [, amounted to 0.8 mm
or 2.5 mm, whereas the length of T

measurement segment I, amounted Fig. 10. Window of the Turbo Datawin-NT software programme.
to 4.8 mm and 15 mm respectively. The red colour indicates parameter Ra (analysed in the work)

Table 3. Roughness of surfaces of the cracks detected in nickel Nickel 200

Plate/ joint I I | II IIT v v v v \Y% VI
Crack 1 2 3 1 1 1 2 3 4 1 1
Roughness Ra, pm 3.98 | 457 | 5.15 | 2.41 2.61 7.40 1.39 | 2.56 | 3.40 1.66 | 4.00

Note: Roman numerals represent numbers of successive joints; Arabic numerals represent number
of successive cracks in a given joint
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The value of the elementary segment and the
value of the measurement segment depend on
the range of roughness expected on the surface
being measured.

The roughness of crack surfaces was restrict-
ed within the range of 2.01 to 13.24. When com-
paring the results concerning the roughness of
crack surfaces it was noticed that in relation to
previously performed penetrant tests. the time
of development was longer in cases of cracks
characterised by a greater roughness of surface.

Conclusions

The analysis of the test results led to the formu-
lation of the following conclusions:

1. As regards penetrant tests of nickel and
its alloys, the time of penetration significantly
affected times of development and sizes of in-
dications and, therefore should be extended to
120 minutes.

2. In most cases, the single-time application
of a penetrant resulted in a shorter development
time and smaller-sized indications in compar-
ison with situations when a penetrant was ap-
plied several times.

3. Each of the tested factors significantly af-
fected development times in the penetrant tests,
which was demonstrated by various develop-
ment times in cases of various cracks.

4. An increase in the roughness of crack sur-
face was accompanied by an increase in the
time of development, which could probably be
attributed to the greater spread of the surface
and, as a result, the greater volume of penetrant
located in a given discontinuity.

5. An increase in the width of a crack was
accompanied by an increase in the time of de-
velopment; this was because of the greater vol-
ume of penetrant in a given crack.

6. It is recommended that in penetrant tests
of nickel and its alloys the time of development
be extended to approximately 200 minutes. In
most cases, such a time is sufficient for detect-
ing unacceptable welding imperfections.
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