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STUDY OF THE VARIABILITY OF THE NUMBER OF PORES PER UNIT
LENGTH OF THE WELD

The variability of the number of pores that appeared under the influence of additional introduction of the pore-forming
material into the welding zone was analyzed. The Pearson test showed that Poisson's law adequately describes the variability
of the number of pores in a unit area of the weld. At the same time, the experimental distribution is very close to the theoretical
one calculated according to Poisson's law. The mathematical expectation of the number of pores in a unit area of the weld
unambiguously determines the distribution of the number of pores. The form of the distribution depends significantly on the
value of the mathematical expectation.
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Urgency of the research. The presence of gas pores in the metal of the weld reduces the
area of the metal of the welded joint in the cross-section, acts as a stress concentration factor,
which can lead to the destruction of the welded product during operation. In the case of through-
pores (gas channels), there is a possibility of loss of tightness of welded products. Ensuring the
absence of pores is especially relevant for pressure vessels, welded products that are under the
influence of dynamic loads.

The process of pore formation is quite complex and multifactorial. The formation of a pore
in a weld involves the simultaneous presence of a seed in the weld pool and a supersaturated
solution of hydrogen or nitrogen as a gas that saturates the pore. The appearance of a pore may
be the result of a heterogeneous reaction with the formation of carbon monoxide. The weld pool
usually contains a large number of potential pore nuclei. But not all embryos develop, because
there is not enough gas in the place where the embryo is located. In addition, even if a gas
bubble has formed in the metal of the welding bath, it can float to the surface and a pore will
not form. The main efforts to prevent the appearance of pores are aimed at limiting the content
of hydrogen and nitrogen in the metal of the weld pool and preventing the formation of carbon
monoxide before the crystallization front of the metal of the weld pool. However, the complex-
ity and multifactorial nature of the process of pore formation leads to the fact that their appear-
ance has a pronounced statistical character [1]. Despite measures to prevent the formation of
pores, they are a fairly common defect, the absence of which cannot be guaranteed [2]. There-
fore, the study of statistical distributions that describe the variability in the formation of pores
is an urgent task.

Target setting. Depending on the load conditions of the welded joint, modern standards
limit the permissible diameter and number of pores per unit length of the weld [3]. Thus, the
acceptability of each individual controlled section of the welded joint is determined by the di-
ameter and number of pores found in this section. To determine the acceptability of the welding
process, it is necessary to focus on the statistical characteristics of the variability of the diameter
and the number of pores, which are characteristic of the process under study. At the same time,
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the main characteristic is a statistical law (distribution), which adequately describes the varia-
bility of the controlled porosity indicator. In real welding conditions, pores do not occur fre-
quently enough to combine pore data into representative volume samples. Therefore, statistical
studies should be conducted in laboratory conditions with the additional introduction into the
welding zone of materials that lead to the appearance of pores. The data obtained in this way
must be statistically analyzed using the criteria of adequacy of statistical models. Data on the
statistical regularities of variability of porosity indicators will allow us to draw conclusions
about the propensity of welding processes to porosity on much smaller sample volumes under
production conditions.

Actual scientific researches and issues analysis. According to the generally accepted
classification in mathematical statistics, the main indicators of porosity, namely the pore diam-
eter d and the number of pores x per unit area of the weld, are random values.

The possibility of applying statistical regularities to porosity indicators is largely deter-
mined by which statistical feature the indicator belongs to. The value of the pore diameter is
determined by measurements using appropriate measuring equipment. The accuracy of meas-
urements can be different and depends significantly on the method of measurements and the
used measuring equipment. Therefore, the pore diameter is considered a continuous feature.
The variability of an indicator attributed to a continuous feature can be described by a uniform
distribution, a normal distribution, and a Weibull distribution. A uniform distribution ade-
quately describes variability for relatively simple objects with a well-known complete event
space, which is characteristic of game theory and is practically not encountered in industrial
situations. The normal distribution is the most common distribution for controlled production,
process, and product indicators. However, the normal distribution better describes the variabil-
ity of indicators that are purposefully and actively formed by production processes [4]. The
appearance of a pore is a random, undesirable phenomenon, so its diameter is purposefully
approached to zero, which leads to the deviation of the distribution of diameter values from the
symmetrical form corresponding to the Weibull distribution [5]. There are three-parametric and
two-parametric Weibull distributions. According to published research results [6, 7], the varia-
bility of the pore diameter is described by a two-parametric Weibull distribution

f(d*,ad,bd)=b—d[ﬂjw “H (1)

a;\ 4,

where dx — is the value of the pore diameter, mm,;

aq — scale parameter (size) of the Weibull distribution of pore diameter, mm;

ba — shape parameter of the Weibull distribution of pore diameter, dimensionless.

Characteristic ranges of values of parameters of the Weibull distribution of pore diameters
in weld metal during submerged arc welding - a4 = 1,2+2,6 mm; by = 1,0+1,6.

The number of pores in a unit area of a weld seam is determined by the registration method
and refers to an ordinal feature as the number of events registered per unit [8]. The variability
of an indicator assigned to an ordinal characteristic is often described by the Poisson distribu-
tion. However, it is necessary to determine the possibility and adequacy of applying this distri-
bution precisely to the variability of the number of pores per unit length of the weld.

Uninvestigated parts of general matters defining. Recent studies have shown the ade-
quacy of the application of the Weibull distribution to the variability of the pore diameter. De-
termining the distribution that adequately describes the variability of the number of pores per
unit length of the weld requires specialized laboratory research.
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The research objective is the definition of a statistical distribution that adequately de-
scribes the variability of the number of pores per unit length of the weld.

The statement of basic materials. To provoke pores, surfacing was performed on a plate
with grooves into which two polyolefin tubes with a diameter of 0.8 mm filled with distilled
water were inserted (Fig. 1).

b 3, il

Fig. 1. Laying of polyolefin tubes with a pore-forming liquid.
1 — groove; 2 - polyolefin tube with a pore-forming liquid; 3 — rivet; 4 — tack;
5 — joint monitoring system, 6 — mouthpiece, 7 - clamp

The source: authors have developed

In the 0214 series of experiments, four rollers with a length of 280 mm each were welded.
35 mm remained on the roller at the beginning and at the end for igniting the arc and welding
the crater. The length of each polyolefin tube with water was 210 mm. Thus, the total length of
the welded roller, which was under the influence of the water introduced into the tube, was 210
mm. This length was divided into seven single sections of 30 mm in length. Thus, in the series,
experimental data were obtained regarding the porosity of the deposited rolls on 28 single sec-
tions, deposited under the same conditions with the introduction of distilled water in two poly-
olefin tubes with a diameter of 0.8 mm. The surface pores detected by visual inspection were
recorded in the table. 1. In the same table, the data for checking the adequacy of the application
of Poisson's law for the analysis of the obtained experimental data are given.

Table 1 — Application of Poisson's law for the analysis of experimental data

i 1 2 3 4 5 6 7 8 9 10 11 12 13
Xi 8 9 10 11 12 13 14 15 16 17 18 19 20
ki 1 2 2 3 4 3 3 3 2 2 1 1 1

ki/K 0,036 | 0,071 | 0,071 | 0,107 | 0,143 | 0,107 | 0,107 | 0,107 | 0,071 | 0,071 | 0,036 | 0,036 | 0,036
g(xip) | 0,041 | 0,060 | 0,080 | 0,097 | 0,107 | 0,110 | 0,104 | 0,092 | 0,077 | 0,060 | 0,044 | 0,031 | 0,020

K 28
H=Xcep 13,29
s 1,454

The source: authors have developed
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According to the table 1, the number of pores per unit area of the weld varied from 8§ to 20.
Thus, x; took one of 13 values, and the number of ranges in which pores were recorded was =
13. According to the number of pores per unit area of the weld, the system had » = 13-1 =12
degrees of freedom.

What is the proportion of unit sites that have a pore count x+ or what is the probability that
the pore count is equal to a given value x+? The answer to this question is given by the unit
probability of the Poisson distribution for a given value of the number of pores xx:

X

g(oes,pn) = H ! xe ' (2)

X
where u - is the mathematical expectation of the number of pores per unit area of the weld, as
a parameter of Poisson's law.

The only parameter of the Poisson distribution of the number of pores per unit area of the
weld is ¢ - the mathematical expectation of the number of pores, found as the arithmetic mean
of the number of pores per unit area of the weld in a series of K experiments:

K
_ Zi:l X; 3
X cep = T . ( )
According to the table 1 mathematical expectation of the number of pores per unit area of
the weld, found as the arithmetic mean number of pores per unit length of the weld is 13.29
pores/30 mm length. In fig. 2. A bar chart of the comparison of the experimentally obtained and

calculated values of Poisson's law for the probability of obtaining a given number of pores on
a unit area of the deposited metal is given.
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Fig. 2. Comparison of experimental data with the results of the calculation of the statistical
distribution of the number of pores on a unit area of the weld
The source: authors have developed

As can be seen from fig. 2, the deviation of the experimental data from the calculated data
is relatively small.

To check the adequacy of the Poisson's law model of the distribution of the number of
pores on a unit area of the weld with experimental data, the Pearson agreement criterion (y°
criterion) can be used. Calculation of the Pearson agreement criterion for the Poisson distribu-
tion:
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k
( gl #)j

g(xinu)

n=K2, ; (4)

where K - is the number of sites where pores were recorded;

xi - the number of pores registered on the i unit section of the weld;

ki — the number of sites on which x; pores are registered, units;

g(x;, ;) — calculated by the Poisson distribution (2), the probability that with an average
number of pores p, x; pores will be registered in a unit area.

For 12 degrees of freedom at o = 0.5, which corresponds to the maximum possible con-
sistency of the data obtained experimentally with the results of calculation according to Pois-
son's law, the maximum permissible value is y?max = 11.340. The actually obtained value of the
Pearson criterion y° = 1.454 (Table 1) is significantly less than the maximum permissible value.

Thus, Poisson's law adequately describes the experimentally obtained statistical distribu-
tion of the number of pores on a unit area and can be used for practical problems.

However, it is important to understand and take into account that the average value of the
number of pores found in a series on a unit weld area is only an estimated value and the next
series of experiments conducted under the same conditions may give a different value of the
average number of pores. Taking this into account, the estimated value of the average number
of pores found in the sample should be supplemented by the value of the width of the interval
in which the average number of pores can be with a 95% probability (width of the 95% confi-
dence interval), which is calculated:

o, 5
g (5)

where oy - the mean square deviation of the number of pores per unit area of the weld in a series
of experiments;

K - the total number of single sections of the weld where pores were found, thing.

The root-mean-square deviation of the number of pores per unit area of the weld seam can
be calculated as the standard deviation from x.., - the average number of pores per unit area of
the weld seam, found from a sample of volume K:

i (xcep - X )2

_1]i=l
o=\ ©)

A(x)o’gs = 1,960 X

According to the 0214 series according to the data in the table. 1, the average number per
unit area of the weld seam and the corresponding width of the 95% confidence interval are
calculated. The results of the calculations for the considered example are given in the table. 2.

Table 2 — The average number of pores per unit area of the weld and the width of the 95%
confidence interval (series 0214)

Xcep , MM K, thing ox , MM Ap0,95 , MM
13,29 28 3,287 1,218
The source: authors have developed

According to the table 2, it can be concluded that in the considered series of experiments
0214, the average number of pores per unit area of the weld is 13.29+1.218. That is, according
to the available experimental data formed into a sample of 28 unit areas, the estimated value of
the average number of pores per unit area xc., = 13.29+1.218 pores per 30 mm of weld. The
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actual value of the average number of pores per unit area with a probability of 95% is in the
range of 14.508 to 12.072 pores per 30 mm of weld.

The form of the Poisson distribution of the number of pores in a unit area of the weld
depends significantly on the value of the average number of pores. An increase in the values of
the average number of pores per unit area of the weld shifts the peak of the distribution towards
larger values and contributes to the symmetry of the distribution (Fig. 3). Without taking into
account the actual values of the parameters of the distribution of the number of pores per unit
length of the seam, it is impossible to predict the values.
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Fig. 3. Single probability of the number of pores on a unit area of the weld x+

The source: authors have developed

The 0211-0215 series differ in the number of polyolefin tubes introduced into the welding
zone, and, accordingly, in the average number of pores per unit area of the weld.

The demonstrated adequacy of the application of Poisson's law to the variability of the
number of pores on a unit area of the deposited roll (weld) makes it possible to predict the
probability of meeting the requirements for the porosity of the weld metal.

Conclusions. The statistical distribution is defined that adequately describes the variability
of the number of pores per unit length of the weld. Using the Pearson test, it is shown that the
actual value of yi° = 1.454 obtained by applying Poisson's law is significantly less than the
maximum allowable y,"* = 11.340. This indicates the adequacy of the application of Poisson's
law to the variability of the number of pores per unit length of the weld.

The main parameter of the Poisson distribution necessary for its application to the analysis
of the variability of the number of pores per unit length of the weld is the mathematical expec-
tation of the number of pores x, found as the arithmetic mean of the number of pores per unit
area of the weld in a series of K experiments. In further calculations, one should focus on the
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confidence interval for the value of the mathematical expectation of the number of pores per
unit length of the weld.

The obtained results make it possible to take into account the characteristics of the statisti-
cal distribution of the number of pores per unit length of the weld when predicting the possibil-
ity of meeting the requirements for the porosity of the weld. Can be used in assessing the ac-
ceptability of welding technology, predicting quality costs associated with weld porosity.

A possible direction of further research is the definition of statistical models that adequately
describe the variability of slag inclusions in welded joints.
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HUX 3aKOHOMIPHOCMEL 3MIHIO8AHOCHE NOPUCIOCH 003601UMb NPOSHO3Y8AMU 3HAYEHHS NOKAZHUKU NOPUCTNOCTE 3 8DAXYEAH-
HAM IX 6apiamueHoCmi.

Bumoeu 00 nopucmocmi 36aprux wieie 3a0aromuvcs N0 080X NOKASHUKAX — diamempy ma KilbKOcmi nop Ha 0OUHUYHIL
008621CUHi 36apHo20 wea. iamemp nop gionocumsca 00 Oe3nepeperoi 03HaK, a KilbKiCmb NOp HA OOUHUYHIL O08HCUHI 36ap-
HO20 W8a 00 NOPAOKO60T cmamudnoi 03HaK. AHaniz onyoniKo8aHUux 00CIIOHCEHb NOKA3ZVE, WO 3MIHIO8AHICIb Jiamempy nop
A0eKBAMHO ONUCYEMBCSL 080X NAPAMEMPUYHUM PO3NOOLIoM Beiibynna. Busnauenns posnooiny, axkuil a0eK8amuo ONUCYE
BMIHIOBAHICMb KITLKOCI NOP HA 0OUHUYHIT O0BICUHU 36APHO0 WEA NOMPedYE Cneyianizo8anux 1a00pamopHux 00CIiONCEHb.

Memoio cmammi € 6UsHAUEHHA CIMAMUCIUYHO20 PO3NOOLLY, AKULL A0EK8AMHO ONUCYE 3MIHIO8AHICMb KilbKOCMI NOp HA
OOUHUYHITI O0BXHCUHT 36aPHO20 WBA. {1 00CACHEHHS Memi HANEHCUNMb CMAMUYHO NPOAHANIZYEAMU OAHI WOOO 3MIHIOBAHOCMI
Kitbkocmi nop npu 000amKk060MY 66€0eHHI Y 30HY 36aPIOSAHHA MAMEPIANy, AKUll CNPUSE YMBOPEHHIO NOpP.

Jlna cnpuanus ymeopenHio nop y 30Hy 386apio8aHHs 6600unu nonioneqinosi mpyoxu oiamempom 0,8 mm, 3anosHeHi ou-
CMUNbLOBAHOI0 800010. 3 GUKOPUCIAHHAM CMYRIHUAMOIL Oiaepamu 8i3yanbHO NOPIGHIOBANU eKCNEPUMEHMANLHO OMPUMAHUL
PO3N00in Kinbkocmi nop i meopemuuno pospaxosanuti no 3akony Ilyaccona. Adexeamuicmo 3acmocysanns 3axony Ilyaccona
00 3MIHI8AHOCMI KITLKOCMI NOP HA OOUHUYHIL O0BHCUHI 36APHO20 WA OYiHI08ANACH 3a Kpumepiem ITipcona.

Daxmuuno ompumane, npu sacmocysanni 3axony Ilyaccona, snauenns xpumepiio Iipcona yi? = 1,454 snauno menwe
Hidic Makcumanvio oonycmume x’max = 11,340. Ile céiduums npo adexeammuicme 3acmocyéanns saxony Ilyaccona 0o sminioéa-
HOCMI KITbKOCMI NOP HA 0OUHUYIO 0BJCUHU 36apH020 wiea. Ompumani pe3ynemamu 0anms MOJNCIUBICHb 8DAX0BYEAMU Xd-
PAKmepucmuky Crmamucmu4Ho20 po3nooiny KilbKocmi nop Ha 0OUHUYIO O0BICUHU 36APHO20 WIBA NPU NPOSHO3YBAHHI MOJICTIU-
60CMi BUKOHANHS BUMO2 WOOO NOPUCHOCII 36APHO20 WEd. Bonu mooicyms Oymu ukopucmani npu oyin08aHHi nputinAmHoCcmi
MexXHO02Ti 36aPI0BANHS, NPOSHO3VEAHHI BUMPAM HA AKICMb, AKI N08 A3AHI 3 NOPUCIICMIO 36APHO20 WIBA.

Kniouogi cnosa: nopucmicmo 36apnux uigie; nokaznuxu nopucmocmi, posnooin Ilyaccona; kpumepiii Ilipcona; mame-
mMamuyHe O4iKyBaHHS.

Tabn.: 2. Puc.: 3. bion.: 8.
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