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SCIENTIFIC AND TECHNICAL 

AGEING AND PROCEDURE OF EV ALUATIOX OF THE 
STATE OF METAL OF THE MAIN PIPELINES IN 

SERVICE 

B.E. PATON\ S.E. SEMENOV\ A.A. RYBAKOV1
, S.K. VASILENK02 and V.M. VASTI.YUK3 

1The E.O. Paton Electric Welding Institute , NASU, Kyiv, Ukraine 
2GAO Pridneprovsk Main Pipelines, Kremenchug, Ukraine 

3GAO << Druzhba>> Main Pipelines, Lvov, Ukraine 

ABSTRACT 

Basic concepts of ageing of metal of the line pipelines in use for a long time are formulated proceeding from 
up-to-date knowledge and available experimental data. The principles of classification of the state of the pipeline 
materials, allowing for the service effects, are suggested. 

Key words: pipeline, service, material, state, ageing, 
residual properties, methodology, classification. 

Various aspects of the problem of metal ageing in 
operating main pipelines have been rather exten­
sively discussed over the last years. In this connec­
tion, the possibility of a long-term accident-free 
operation of such constructions raises certain 
doubts. The importance of the above problem 
reaches far beyond the interests of individual en­
terprises of the oil and gas industry. Incorrect 
evaluation of the role of metal ageing processes is 
fraught with tremendous material and financial 
losses, as well as ecological disasters, to say nothing 
of the possible irreparable consequences. Conside­
ring the ramified network of the main oil and gas 
pipelines which is characteristic of the European 
regions, the highly critical condition of the old 
pipelines can result in grave crisis phenomena in 
economy . In view of the limi ted financial resources 
of the countries with the transition economy, the 
need for renovation and, especially, for construc­
tion of the new pipelines, creates great difficulties . 
All this directly concerns the system of the main 
pipelines of Ukraine. 

A thorough analysis of the metal ageing pro­
cesses is required in evaluation of the reliability 
characteristics of pipelines which have been in op­
eration for a long time. Precise criteria are needed 
which would permit creating the company's stra­
tegy with regard to extension of the service life 
and rehabilitation of the pipelines in service. 

Proceeding from analysis of publications and 
the results of the authors' own investigations, this 
paper formulates the basic statements concerning 
the influence of the ageing processes on the pipe 
metal. A classification approach to evaluation of 
the state of materials of the pipelines in service 
allowing for the ageing phenomenon, is described. 

In current technical publications, ageing of me­
tal of the main pipelines is considered in terms of 
the processes of their wear and degradation L 1, 2j . 
The ~ageing~,> term is interpreted rather broadly: 
it covers the description of phenomena which cha­
racterize changes in the materials related to the 
structure age, including those developing under the 
influence of service impacts. Widening of the 1 imits 
of interpretation of the nature of metal ageing is 
also promoted by development of the concepts of 
the processes leading to pipeline fai 1 ures as a result 
of cracking, corrosion-mechanical and other frac­
tures. The phenomena inherent in the metal ageing 
are quire diverse. The developing predecomposition 
processes and decomposition of oversaturated solid 
solutions proper or change of structural states after 
mechanical deformation can be considered among 
them. Ageing is accompanied by precipitation of 
disperse particles of new phases, intercrystalline 
zone enrichment with impurity atoms and hetero­
phase nature of local zones . Ageing can result in 
changes on the substructural level related to defect 
accumulation, increase and plastic relaxation of in­
ner microstresses. Lowering of grain boundary 
strength under the impact of hydrogen, etc. are 
also regarded as the ageing phenomena. 

Embrittlement or fracture, including cracking 
of the old pipeline metal, is primarily related to 
strain ageing, damage at repeated-static loads and 
impact of aggressive media [3 - 11, etc.l . The 
above mechanisms lead to a higher susceptibility 
of steel to cracking and brittle fracture as the steel 
brittleness temperature shifts towards the pipeline 
operational temperature. 

O.I. Steklov, for instance, notes [ 4] that the 
structure and properties of the metal in service 
change in time compared to its initial charac­
teristics under the influence of corrosive media, 
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temperature fluctuations, working loads. Here, the 
structure change is primarily related to the steel ma­
trix substructure. Change of the mechanical proper­
ties is accompanied by an increase in the strength 
values (HE, Cit, cry). lowering of toughness and duc­
tility characteristics (8s, \jf) and of brittle fracture 
resistance characteristics (KCU, KCV, Kc). 

Thus, the concept of the detrimental influence 
of the factors of long-term service on the pipeline 
material is being developed currently. Proceeding 
from that conclusions are made of the metal per­
formance deterioration with time and increase of 
the probability of pipeline accidents. In connection 
with the possible degradation of the material the 
limit fatigue life of the pipelines is estimated to be 
40 to 80 years of service [ 12]. 

In a number of papers attention is given to the 
hazard of an essential degradation of the material 
properties directly during the planned periods of pipe­
line operation. Investigation of a number of pipe met­
al samples showed that the indications of the initial 
stage of strain ageing are found already after a rela­
tively short-time exposure to the load of up to 5 years 
[ 11]. The authors [ 11 , 13, 14] believe that irrespective 
of the alloying system and the level of pipe steel 
strength, two time intervals can be signed out in the 
dependence of the mechanical properties of the base 
metal or welded joints on time. In the first interval, 
the ductile and tough properties of the metal change 
but little, while the number of failures is minimal. 
In the second interval, the characteristics of ductility 
and toughness decrease and the number of pipeline 
fai-lures rises. The limit time separating the above 
two intervals, is tentatively equal to 10 to 12 years 
of pipeline operation. The following data are given 
in the references cited by us. After 20 years of the 
pipeline service, the weld metal reduction in area 
decreases by 25 %, and that of the pipe base metal 
( 17GS steel) by 30 %. The impact toughness of steel 
drops to 20] I cm2, this being lower than the standard 
requirements to the material. The authors of [ 13] 
state that a change of the mechanism of microfracture 
from the tough to the brittle mode is observed in 
transition from the first to the second interval. At 
maximal length of the operational period the material 
can become completely embrittled. 

It is obvious that the abrupt drop of impact 
toughness in the second time interval is manifested 
against the background of its high values (of the 
order of 200 J I cm2), given by the authors for the 
material initial condition. However, the values of 
impact toughness of steel in the initial condition, 
given in the cited studies, do not seem to be quite 
correct to us. The levels of impact toughness of the 
metal of pipes produced about 30 years ago, were 
much lower, which is indicated, for instance, by 
the data of !15], [16]. 

Other researchers [2, 3, 17, 18], while noting 
a deterioration of the ductility and toughness cha-
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racteristics of the pipe metal after long-term ser­
vice, do not focus on the critical time periods during 
which the material properties can abruptly change. 

In [12] it is pointed out that under the condi­
tions of service at the climatic temperatures, the 
pipe steel properties change but slightly: Cit. cry. Sc 
by up to 10 %; 8s, \jf in the range of 15 to 20 %. 
The level of residual stresses (in the absence of 
plastic deformations) also changes insignificantly 
( < 15 %) . The parameters characterizing the pro­
perties of locally embrittled zones, change conside­
rably depending on the duration of service. As a 
result of ageing, especially in case of hydrogenation 
of steel, the brittle fracture resistance changes to 
a greater extent, than the standard mechanical 
properties. 

The conclusion on the relatively slight change 
of the pipe metal mechanical properties, can be 
made when analyzing the data of [19] from which 
it follows that the characteristics of the mechanical 
properties of the studied pipe metal completely 
meet the standard requirements after 25 to 30 years 
of operation. After a long period of ope-ration, the 
pipe material preserved a comparatively good plas­
tic deformabi 1 ity under the conditions of hydraulic 
testing to fracture, whereas the inner pressure at 
rupture was essentially higher than that achieved 
at the start of the pipe metal yield. 

The results of our testing of pipe metal samples 
cut out of Ukrainian PDMN and «Druzhba~ com­
panies ' oil pipelines which had run for 20 to 35 
years, are of interest. Testing of materials (base 
metal, factory and field welded joints) did not 
reveal any phenomena characteristic of advanced 
stages of ageing. Extensive testing (in these cases 
many samples of pipe metal were studied, namely 
locally produced steels of grades 20, 19G, 14GN, 
17GS, 10G2S1, 14KhGS and foreign variants of 
steel produced in Czechia and France) did not re­
veal any intergranular fracture which would point 
to hydrogen embrittlement or a significant hetero­
geneity (heterophase nature) of intercrystalline 
junction zones. 

In the studied samples of materials no essential 
changes of the mechanical properties (including 
crack and microcleavage resistance characteristics) 
under the influence of service factors were found 
either, while the observed deviation of individual 
parameters from the standard values can be safely 
attributed to the structural features of the initial 
steels and imperfection of the technologies during 
their fabrication. 

In hydraulic testing of a section abutted of coils 
with considerable dents, failure occurred at the 
stress on the level of the steel ultimate strength 
after the pipe perimeter in the fracture zone in­
creased by more than 3 %. The site of fracture 
which was of a tough nature, was on the coil of 
14GN steel in the base metal at a distance from the 
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Table 1. Relative number of p~peline failures because of de- intensity of failures is minimal , and practically con­
fects and damage of the metal , % stant. During the wear period, the intensity of pipe-

Y ears of service Refe-
renee 

0 -5 

[141 10.0 

line failures increases, this , in the opinion of the 
20 - 30 30 - 35 author, being due to ageing (degradation) of the 

---------
1
-.

0
---

0
-- material of the load-carrying steel pipe, as well as 

metal corrosion, abrasive-corrosion failures of the 
inner surface, and stress corrosion failures. 

5 - 10 11 - 15 15 - 20 

11.0 11.0 1.0 

illJ 7.7 10 .2 5.7 0 0 0 

zone of the dent location, as well as the factory 
and the circumferential joints. 

Thus, under the conditions of long-term (up to 
35 years) operation, the material of the studied oil 
pipelines did not undergo any significant and often 
even slight changes of the service properties and, 
therefore, preserved the required performance. In 
this case, for the long-time loaded carrying ele­
ments of the pipeline which the steel pipes and the 
welded joints are, the characteristic processes of 
strain ageing were accompanied by a gradual for­
mation of the substructure, and a certain increase 
in the dislocation density promoting metal 
strengthening, did not create any critical conditions 
prone to cracking, due to the processes of plastic 
relaxation of inner microstresses. 

Based on the statistics of the main pipeline failu­
res. [1, 11, 13- 15 , etc.], it is also rather difficult 
to make unambiguous conclusions on the influence 
of the ageing factor on the material performance. 

In analysis of the data on pipeline failures in 
connection with the time factors, it has to be taken 
into account that statistical processing , despite a 
seemingly extensive data bulk, is performed in the 
field of rather dissimilar information. Over an al­
most half a century long period of pipeline trans­
portation development in FSU and CIS countries, 
significant changes have taken place in the range 
of the pipe grades and sizes, materials and tech­
nologies used, pipeline service conditions, etc . 

The results of statistical processing largely de­
pend on the <<quality~ of the initial data. Experi­
ence shows that pipeline failures, as a rule, develop 
through a number of different causes in each con­
crete case. Revealing by statistical methods the role 
of a particular factor which promotes failure initia­
tion, requires a thorough selection of the initial 
data, which involves considerable difficulties, if 
analysis is performed based on the acts of initial 
investigation of the causes for the failures. A de­
tailed investigation of the failure causes is con­
ducted by far not in all the cases, which does not 
eliminate errors or misinterpretation of the initial 
information. 

By the data of [2], the dependence of the intensity 
of failures of the main oil pipelines on the duration 
of their operation, is characterized by the periods of 
running-in, normal operation and wear. During run­
ning-in the failures are due to structural defects in 
the pipes and poor performance of the construction 
and erection work. During normal operation, the 

There is no doubt of the influence of the corro­
sion factor. However, the role of metal ageing 
(meaning, at least the influence of force loading) 
in the increase of the number of pipeline failures 
with time, is not as obvious. With the period of 
operation of 10 to 15 years, an abrupt rise in the 
number of gas pipeline failures up to 32 % of their 
total number is found [13, 14]. This, in the opinion 
of the authors of the earlier mentioned studies, 
confirms the influence of the found by them deg­
radation of the material mechanical properties in 
the above time period on the failure processes. 
However, from the initial information given in [ 15] 
it follows that the majority of failures in the found 
spike are the failures due to hydrogen sulfide cor­
rosion and inner erosion of metal (21.3 %). The 
above specific cause for the fractures in a certain 
group of gas pipelines in 1970s can hardly charac­
terize the regularities of the change of the state of 
materials of other gas pipeline systems. 

The data of [14, 15] on pipeline rupture because 
of pipe defects, field butt joint defects and metal 
damage in transportation of pipes and pipeline con­
struction, depending on the time of their service 
(Table 1) do not confirm the opinion of the increase 
in the number of ruptures after 11 to 15 years of 
service as a result of lowering of the metal ductility 
and toughness characteristics. 

As a result of analysis of VNIPitransgas infor­
mation on failures of Ukrainian gas pipelines, per­
formed by us allowing for the number N of the 
objects of observation (gas pipelines), in each time 
interval of their service, it was found (Figure) that 
the relative number of failures n/ N (n is number 
of failures) is little dependent on the period of the 
pipeline operation. 

Naturally, it does not follow from the given 
data that metal damage related to the ageing pro­
cess, does not have a noticeable influence on the 
formation of fracture sites. A different mechanism 
can be assumed. It is obvious that the changes in 
the material proceeding under the influence of ser­
vice impacts, turned out to be not so significant as 
to have an essential influence on its proneness to 
fracture. Compared to defect-free pipeline sections, 
the material will be more actively damaged (also 
as a result of strain ageing) in the zones of location 
of the defects characterized by a high stress con­
centration and dimensions close to the critical va­
lues. The influence of such defects. of predomi­
nantly technological origin . on pipeline ruptures, 
is most often manifested in the initial periods (run-
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ning-in) although the possibility of greater activity 
of growing defects in later periods of pipeline ope­
ration, cannot be eliminated , either. 

Further investigations are required in order to 
more precisely determine the regularities of deve­
lopment of the ageing processes and their influence 
on damageability of the pipeline materials. This is 
primarily related to assessment of the factor of long­
time force loading as the main kind of impact. The 
features of ageing of steel strengthened during con­
trolled rolling, should be specially studied. On the 
other hand, generali zation of the available practical 
data and the current concepts on the nature of steel 
ageing phenomena, permit making the following 
statements as regards the processes of pipe metal 
ageing. The steels for the main pipelines can be 
regarded as the materials prone to the ageing pro­
cesses. In principle, the probability of change of 
the most important service properties of pipe metal 
should not be denied. 

Material ageing proper, especially at its initial 
stage, does not in any way eliminate the possibility 
of their further use. It should be noted that the data 
on the level of the residual service properties which 
the material has and which determine the further 
operability of the pipelines, are important for prac­
tical work. The pipeline operation parameters should 
allow for the changes in the material properties as a 
result of its ageing. As ageing can increase the risk 
of failure, the temperature and loading modes of aged 
pipelines operation should be corrected , if required. 
The sections of considerable damage of the material, 
for instance, in the case of intensive corrosion, should 
certainly be restored. 

The problem of time dependence of the change 
in the level of properties of the material of the 
actual pipelines and other structures in service still 
remains to be the most complicated and, unfortu­
nately, unclear issue. The degree of material deg­
radation wjl] indubitably be determined by many 
circumstances, namely the totality and intensity 
(aggressiveness) of the acting factors, such as loads , 
temperature changes, contacting media inside and 
outside the pipelines; effectiveness of the «protec­
tive>> measures (electrochemical protection, moni­
toring and maintenance of the required technical 
condition of the pipeline) and, furthermore, mate­
rial ability inherited from the initial condition (in­
cluding the reliability of passive anticorrosion pro­
tection) to resist service impacts or the so-called 
spontaneous changes running in time, and related 
to the increase of entropy . The regularities of the 
change of the pipeline material service properties 
in time established in a number of studies, are far 
from being universal. They characterize the changes 
which occurred in the condition of materials of 
specific pipelines. For the actual practical opera­
tion of the main pipelines, something else is not 
less important, in principle. It is quite possible that 
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in many cases the duration of the stage charac­
terized by comparatively slight changes of tqe 
structural state and service properties of the metal , 
will be commensurate with the planned pipeline 
operational periods. 

The factor of metal ageing, in terms of the as­
sociated adverse consequences such as ductility 
drop, embrittlement, fracture, will obviously be 
manifested under the conditions of highly intensive 
impacts. The risk of pipeline failure as a result of 
material ageing, arises if no effective measures are 
taken during the pipeline operation in order to pre­
vent the increase of the working pressures above 

* 
Apparently, it will be necessary to more precisely define the 

terminology for a more accurate and definite interpretation of 
the essence of t he phenomena and the main causes leading to 
metal ageing. In our opinion, for instance, the term dong-term 
strength (static, cyclic);. is preferable to the material «ageing1> 
term in evaluation of the influence of long-term loading at a 
standard level . 
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the specified values, metal hydrogenation, inten­
sive cyclic loads; detect and eliminate the devia­
tions from pipeline position or sections of pipeline 
damage. 

Ageing of the metal subjected to cold plastic 
deformation during pipe processing , if it is limited 
to the standard value (not more than 1.2 % in pipe 
expansion) does not lead to formation of hazardous 
structural states or any essential changes of the 
service properties, respectively. 

The most noticeable changes of the physico-me­
chanical properties responsible for fracture resis­
tance , will proceed in the local zones of concentra­
tion of plastic deformations which accumulate dur­
ing technological processing and operation (de­
fects, local distortions of the shape in base metal 
and especially in the welded joints). The intensive 
plastic deformations developing in the overstressed 
zones because of land sliding, support shifting, tem­
perature and other impacts leading to the change 
of the pipeline position, can also lower the metal 
ductility and toughness margin and, in addition, 
increase its susceptibility to embrittlement as a re­
sult of ageing in further service of the pipeline. 

Thus, local or localized damage and not the 
overall deterioration of the material properties 
along the entire length of the pipeline, are more 
probable in operation. 

The results of the performed investigations pro­
vide convincing proof of the need to use a diffe­
rentiated approach to evaluation of the phenomena 
of metal ageing, depending on the specific condi­
tions of operation of the main pipelines, initial 
quality characteristics of the material, aggressive­
ness of the contacting media, etc., which predeter­
mines the actual kinetics of the possible changes 
in the material conditions. 

The methodology of evaluation of the condition 
of the operating pipelines or pipelines whose speci­
fied life is over, should provide the possibility of 
detection of the residual service properties and pa­
rameters which characterize the material perfor­
mance margin or residual performance. Such an 
approach is precisely defined in [ 11], and it implies 
performance of a series of investigations including 
destructive testing of material samples for evalu­
ation of the actual margin of its strength and crack 
resistance. A similar approach is also formulated 
in other publications on the condition of materials 
of operating pipelines as the fatigue life of the 
above constructions is determined exactly by the 
service properties margin. 

It should be noted that evaluation of the resi­
dual service properties of the material gives an idea 
about the condition of the object as a whole, in­
cluding the probable local damage zones. It is evi­
dent that with decreased service properties the ma­
terial proneness to formation of the fracture sites 
will increase, and, thus appropriate evaluation of 

the material will indicate the level of risk of its 
possible damage in service. 

Detection of <>active:~> local zones in the pipeline 
in which material pre-fracture sites are formed, is 
of importance in itself. Changes in the material 
condition in the above active zones, are controlled 
in the most reliable fashion, by the method of acous­
tic emission [12, 20] . 

Similar to identification of any other system 
condition, evaluation of the state of material of an 
operating main pipeline is based on revealing the 
parameters which characterize the material and re­
ferring it by the set of these parameters to a certain 
class, type, category, group, etc., according to the 
classification of material states. 

For the case of pipe metal, actually similar to 
material of other structures, a classification can be 
proposed which envisages three groups of material 
conditions at minimum, namely operable condition, 
limited performance condition, and pre-failure con­
dition. The material condition which provides pipe­
line operation at the design working load parame­
ters without any limitations should be considered 
the operable condition. A condition of materials in 
which in order to achieve the design working load 
parameters it is necessary to satisfy certain addi­
tional conditions (for instance, absence of damage) 
or take certain measures to restore the material 
performance, is regarded as the limited performance 
condition. A pre-failure condition is such a condi­
tion of the material in which a considerable risk of 
failure arises at the design working load parameters 
due to loss of tightness, or stability of the structure 
or pipeline rupture . 

It is recommended to develop the evaluation cri­
teria and limit values of the parameters for the above 
material conditions proceeding from the formed ap­
proaches to ensuring the structural strength of ma­
terials of the pipeline load-carrying clements. 

According to [21] the structural strength of the 
pipe metal is provided by the use of sheet or coiled 
steel with the required quality indices, guaranteed 
characteristics of geometrical parameters, continu­
ity and mechanical properties, as well as the speci­
fied technologies of pipe fabrication and control. 
The above approach to provision of the structural 
strength can be also applied to the material (base 
metal and welded joints) of the pipelines in service. 
However, in the case of the operating pipelines, 
the set of parameters controlled at the stages of 
pipe fabrication and pipeline construction, should 
be complemented, allowing for revealing a possible 
change in the state of materials under service im­
pacts, during the performed repairs, etc. 

It is obvious that the finished pipes, including 
the pipes from the emergency stock of the compa­
nies, pipelines approved for service and those cur­
rently in operation, whose base metal and welded 
joints fully meet the requirements of SNiP codes , 
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standards, rules, specifications and other regula­
tory documents currently in force, should be re­
garded as serviceable. 

For the pipelines currently in service, the pa­
rameters which can change under the influence of 
the service impacts, and, therefore, act as criteria 
in determination of a certain material condition 
according to the developed classification, acquire 
primary importance. Geometrical parameters, me­
chanical properties, structural characteristics, con­
tinuity parameters, physical and other properties 
can be regarded as such. The analyzed parameters 
should either directly or indirectly characterize the 
material capability to stand the specified loads . 
The parameters which reflect the consequences of 
service factors impact on the material should be 
defined, thus permitting material performance to 
be predicted for a specified range of working loads 
and service conditions while allowing for the 
changes which have taken place in the materials . 

Thus, the intent is to primarily determine the 
parameters of the state of the material and, pro­
ceeding from the established (or currently deve­
loped) methods of analytical assessment, to control 
the strength margins of various sections of the ope­
rating pipelines. It is evident that the above ap­
proach does not eliminate the possibility or the 
need for a special additional evaluation of the criti­
cality of the local damage areas which are becoming 
active. In view of the diversity of individual fea­
tures, evaluation of the strength of such pipeline 
sections requires an independent analysis taking 
into account the specific circumstances, namely the 
nature of the stressed-strained state, kind of da­
mage, development of the cracking processes, etc. 
These issues are not treated in this paper. 

Table 2 presents in more detail the charac­
teristics of the proposed classification approach to 
evaluation of the state of materials of the operating 
pipe] ines and also indicates the possible methods 
of determination of the parameters of the condition 
of materials of the operating pipelines. The actual 
inspection procedures are the subject of special de­
velopment carried out in terms of the scope of tech­
nical diagnostics of the pipelines. Useful recom­
mendations in this respect arc contained in [ 11, 12, 
14, 20, 22, 23, etc.]. 

It should be emphasized that considerable at­
tention should be given to mechanical properties 
which directly characterize the material capability 
to stand service loads. Unlike the procedure of 
control in pipe production, when diagnostic of ope­
rating pipelines is performed, it is practically im­
possible to acquire the statistical data on the ma­
terial mechanical properties after a certain period 
of operation. Nonetheless, the measures taken du­
ring provision of the appropriate technical condi­
tion of the pipelines enable selective control of the 
ervice properties of the material on the coils cut 
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out of the pipeline. Considering the difficulties of 
forecasting the kinetics of the processes of material 
ageing under service impacts, the diagnostic units 
of the companies or appropriate centers should not 
neglect such possibilities . It is necessary to develop 
coordinated criteria and methods of NDT of the 
material mechanical properties with their adapta­
tion to the factory and route conditions. 

The proposed classification clearly defines the 
practical orientation of the activities of the com­
panies operating the line pipelines. The most com­
plicated task certainly is determination of the pa­
rameters of further operation of the pipelines whose 
material is in the limited performance condition. 
Similar to what was noted for the metal ageing 
phenomena, the limited performance condition does 
not eliminate the possibility of further operation 
of the pipelines. However, the loading, temperature 
and other working modes of such pipeline operation 
should be corrected, if required, allowing for the 
changes which have taken place in the materials. 

With a considerable scope of production and ap­
plication of the pipe products, especially in the pre­
vious years, when the used technologies and methods 
of material control were less perfect, there is a pos­
sibility of revealing in diagnostic inspection of the 
pipelines, individual pipes (or welded joints) with 
defects, structural imperfections or other deviations 
from the standard characteristics, present in the ma­
terials already in their initial condition. In terms of 
classification of the condition of the material of the 
operating pipelines, the presence of such deviations 
is a factor of limitation of the material performance. 
Nonetheless , in individual cases, a decision can be 
taken on preservation of the same working parameters 
of further loading of the pipeline. In this connection, 
it is rational to introduce additional gradation of the 
degree of material damage in operation. In Table 2 
the area of limited performance is crossed by a con­
ditional boundary line which separates the condition 
of slight, <<uniform~ structural damage from the con­
dition characterized by more hazardous irreversible 
damage of the metal which precedes crack initiation. 
In the latter case, certainly, more effective measures 
should be taken to provide a reliable performance of 
the pipeline. Some other important circumstances 
should also be noted. The set of sta,ndard requirements 
to the initial pipe material does not completely take 
into account the possible influence of service impact. 
Certain attempts to improve the situation have been 
made in f21], however, the recommendations elabo­
rated in this document, arc not yet fully taken into 
account in practice. 

As regards pipe steels, especially the initial con­
dition of the materials, there is a lack or an ex­
tremely limited amount of certain required basic 
information which would permit evaluation of the 
changes in the pipe metal after certain period of 
operation. There is an obvious need for accumula-
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tion of the appropriate data also for currently pro­
duced pipe steels. Determination of the level of 
mechanical properties of the initial pipe material 
with application of non-destructive methods, 
which are of interest for evaluation of the material 
condition in pipeline operation, acquires special 
importance as was already noted. It is also rational 
to elaborate new approaches to design of the pipe­
line systems taking into account monitoring of the 
technical condition of the material in the charac­
teristic sections of the route [ 12]. 

CONCLUSIONS 

1. Proceeding from the performed investigations, 
it can be assumed that in many cases the material 
of the pipeline load-carrying elements (base metal 
and welded joints) will preserve a high perfor­
mance after long operational periods and, therefore, 
will be able to ensure further safe operation of the 
pipelines. 

2. The most noticeable changes of the physico­
mechanical properties of the material under the 
influence of the service impacts can take place in 
local sections with defects, stress raisers , deformed 
zones and various damage. Detection and elimina­
tion of the above hazardous zones is a priority task 
for provision of long-term, safe and reliable opera­
tion of the main pipelines. 

3. The hazard of pipe metal embrittlement be­
comes greater, if no effective measures are taken 
to prevent plastic deformation, intensive cyclic 
loading, metal hydrogenation, detect and repair 
the damage in time. In connection with a higher 
susceptibility to ageing, it is also necessary to take 
measures for limiting the work hardening of the 
metal of the local zones under technological impact, 
including pipe billet expansion. 

4. In view of the diversity of the influencing 
factors and the difficulties of forecasting the con­
sequences of the ageing processes in evaluation of 
the technical condition of the materials of the ope­
rating pipelines, a differentiated approach should 
be used, allowing for the features of the specific 
types of materials, loads and external impacts. A 
most important goal in examination of pipelines 
operating for a long time is determination of the 
residual service properties and structural state of 
the pipe metal. The proposed in this paper approach 
to classification of the material conditions will per­
mit this problem to be solved in a more reliable 
manner in the actual practice of examination of the 
operating pipelines. 

S. The accumulated experience in the field of 
the operating pipelines examination is insuffi­
ciently taken into account in development of the 
standards for pipe products. It is rational to expand 
the range of the controlled parameters of pipe me­
tal, which will later on permit tracing the possible 
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changes in its condition more accurately during 
long term service. 
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Table 2. Proposals on evaluation of the state of material (base metal and welded joints) of pipelines in operation 

Approaches to determination of the limit (threshold) values 1 the parameters for different degree of damage and 

Crite1·ia of material state 
different conditions o the material 

evaluation Mat erial state parameters 
Minor (slight) damage I Pronounced (strong ) damage 

Methods ·of investigation 

Operable condition Limited performance condition Prefailu:re condition 

Structural shape and fabri- Diameter, wall thickness, In keeping with the In case of deviations from the current requirements Profilometry and thickness 
cation technology ovality and other requirements of SNiP, rules 

Increase of the perimeter, % measurement, size 
deviations from the shape. and other standards measurement (after 
Displacement and currently in force up to 1 I up to 3 up to 3 and greater pitting). Magnetic noise, 
angularity of edges mating 

Increase of working stresses in the places of wall thickness reduction or deviation of 
holography methods, 

and sequence of weld calculation methods, etc. 
performance, etc. shape (compared to the standard yield point of the steel) 

not more than L 0 I LO and more 

Depth of dents (in% of nominal diameter) 

up to 3.5 more than 3.5 

Corrugations, bends ( 4fo lds») 

absent present 

Composition Base alloying and content In keeping with the Deviation from standard in composition Does not correspond to the Analysis of the pipe 
of impurities standard requirements specified steel grade (lower material composition 

strength category) , higher determined on samples cut 
content of hydrogen out of a pipeline. Metal 

control at the increase of 
the pipe perimeter is 
required 

Mechanical properties Standard characteristics The same Deviation of individual characteristics of the mechanical cry/ crt--> 1 or low values of Breaking tests of the 
(cry, crt, Os, ;)• bend angle, properties compared to the standard characteristics mechanical properties material when studying 
KCV, KCU because of cracks representative samples cut 

(microcracks) or out of the pipeline. 
intergranular fracture Preliminary evaluation is 

Temperature of transition Tb,o;T, Tb > T,- possible by the results of 

into the brittle state Tb meas urement of the 

(DWTT, Charpy type T, is the minimal rated temperature of pipel ine operation hardness and magnetic 

samples) properties of the material 

Crack resistance at Cracking indices (compared to similar values for the initial condition of the material) 
temperature T,- (standard 

comparable lower low and other rated val ues) 
Fracture mode 

tough I quasi brittle 

Structural state Microstructure (grain size, In keeping with standard Deviation from the recommended values and lack of the structural parameters 
segregation, contamination recommendations. correspondence to this type of steel and welded joint 
with non-metallic Characteristic of this type Cracks in the metal, zones Microstructural and inclusions, hardness, etc .) of steel and welded joint 

of quenching structures fractograph ic investigations 
with more than HV 350 of samples 

hardness 



- -

Table 2 (cont.) 

Approaches to determination of the limit (threshold ) values 1 the parameters fo ·r different degree of damage and 

Criteria of material state 
diffm·ent conditions o the material 

evaluation Materia l state parameters 
Minor (slight) damage Pronounced (strong) damage 

Methods of investigation 

Operable condition Limited performance condition Prefa ilure condition 

Substructure (dislocation Different stages of a uniform subgranular structure Pronounced interphase and intergranular heterogeneity, 
density, microstress formation formation of phase precipitations which promote the 
gradients, heterogeneity of increase and concentration of microstresses, microstrain 
interfacial j unctions, etc.) accum ulation, etc. 

Defects and damage Delaminations, process In keeping with the Exceeding the standard requirements in size and number. Coming to the we ld boundary Th ickness measurement 
defects of welding standard requ irements 

Cracks Cracks of various origin oriented across or at an angle to the surface, including t hose propagating in the zones of Visual examination and 
location of the initia l defects and stress raisers NDT (UT, AE, etc.) of the 

absent present 
pipeline section 

Crack size 

subcri t ical close to cri tical 

Surface damage Sha llow damage not Damage of different origin reducing the wall thickness below the admissible limit Determination of 
(mechanical , corrosion- reducing the wall thickness Increase of working stresses in t he points of d~fect location ( in relation to the standard <dangerous> zones during 
abrasive wear, etc. ) below the ad missible limits corrosion examinations. 

(general and pitting yield point of steel) Microstructural 
corrosion, traces of abrasive up to 0.9 up to 1.0 1.0 and more investigations. Design 
wear, small scratches, 

Mechanical damage in the 
methods of evaluation of 

marks, etc.) the strength of defective 
dent zone sections of pi pelines 
Burrs, nicks along the weld 
fusion line 

Length of crack-like defects 
comparable with the 
crit ical size of the crack 

Local kinds of corrosion at 
the damage depth equal to 
0.5 of the wall thickness 

I and more 

Accumulation of AE activity characterizing t he susceptibility to crack ini t iation and propagation Breaking tests with I, 
microdefects and damage weak increased high 

simultaneous AE-monito- I 

propagation ring . AE-monitoring in site 
Cont inuous AE component 

I absent present 

Discrete AE component 

absent present 

Corrosion properties Corrosion intensity Corrosion rate (compared to respective value for the material init ial cond ition) Chemical methods of 

comparable increased 
investigations when using 
model aggressive media . 
Pipeline examination for 

: 
corrosion damage 
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MATHEMATICAL MODELLING OF ABSORPTION OF 
GASES BY METAL DURING WELDING 

I.K. POKHODNYA, V.I. SHVACHKO and O.M. POR1NOV 
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

ABSTRACT 
Results of mathematical modelling of absorption of hydrogen and nitrogen by iron during welding are presented. 
The kinetic model of interaction of the low-temperature plasma with metal , based on the combined solution of 
equations of mass transfer in gas and metal, has been developed. Comparison of calculation results and experimental 
data shows that the model developed adequately describes absorption of two-atomic gases by metal. The process 
of absorption of gases by the molten metal pool from the low-temperature plasma has been calculated. The above 
model allowed the effect of the plasma temperature on the concentration of gas dissolved in metal to be estimated. 

Key words: mathematical modelling, low-temperature 
plasma, absorption of hydrogen and nitrogen, equation of 
mass transfer, Boltzmann equation. 

Gases dissolved in metal exert a considerable effect 
on mechanical properties of a welded joint. Nitro­
gen causes an increase in yield and tensile strength 
and a decrease in ductility. Hydrogen initiates cold 
cracking [ 1]. To predict the content of gases in the 
weld , it is necessary to understand the mechanism 
of their dissolution in metal. Direct measurements 
of absorption of gases by metal during the welding 
process involve difficulties , whereas mathematical 
modelling provides additional information on the 
process of absorption of gases by metal. 

Transfer of the impurity elements in the me­
tal-gas system is determined from a system of equa­
t ions that describe gas-dynamic motion of particles 
in the plasma, molecular interaction in the Knudsen 
-ubsurface layer and redistribution of an impurity 
in the welded joint metal. Description of the gas­
dynamic motion near the surface of a solid body is 
baed on the kinetic theory of gases [2]. 

Physical model of absorption of gases. Ab­
-orption of gases by metal consists of several stages 
[3]: motion of the gas molecules to the surface, 
di ociation of molecules on the surfase, adsorption 
of atoms by the metal surface and diffusion of atoms 
::no the bulk of metal or melt. Absorption is usually 
accompanied by desorption of gases . To describe 

:.::tribution of gas in metal it is necessary to de­
:ennine the total gas flow over the metal-gas in­
-e ·ace at each time moment during the entire pro­

.::. The total gas flow to the metal is equal to 
•-'..-erence between the direct (absorption) and re­

de orption) flows. The direct flow is deter­
ed b,· the state of the metal surface and ambient 

.::phere. while the reverse flow depends mostly 
-he -tate of the metal surface, i.e. its tern-

- ·-e and dissolved gas content of the metal 
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interface. It should be noted that not all collisions 
of the gas molecules with the metal surface are 
accompanied by chemical reactions (dissolution or 
formation of a chemical compound). Molecules re­
flected from the surface interact with both direct 
and reverse gas flows. 

Gases are dissolved in metal in the atomic state, 
and the rate of absorption of multi-atomic gases 
from the atmosphere depends upon the degree of 
dissociation of the molecules, which occurs both 
on the heated metal surface and directly in the bulk 
of a gas. Therefore, the physical model of absorp­
tion of gases is constructed with allowance for the 
following assumptions: 

gases are dissolved in metal only in the atomic 
state; 

every gas atom, upon collision with the metal 
surface, penetrates into the bulk of the metal; 

non-di ssociated molecules arc diffusely re­
flected from the metal surface; 

at the absence of the pJasma, dissociation of the 
gas molecules occurs at the heated metal surface; 

dissociation of the gas molecules in the plasma 
occurs directly in the bulk of the metal; 

intensity of desorption of gas from the metal 
depends upon the surface temperature and surface 
concentration of the dissolved gas atoms; 

no convective stirring of the metal occurs, the 
gas atoms in the metal move by the diffusion mecha­
nism; 

pressure of the plasma in the discharge gap is 
equal to the atmospheric pressure at a substantial 
distance from the arc discharge region. 

Basic physical processes occurring near the me­
tal-gas interface, i.e. at a molecular level in inter­
action of metal with the low-temperature plasma, 
are schematically shown in Figure 1. The diagram 
of a space structure of the problem of mass transfer 
and the selected system of coordinates are shown 
in Figure 2. 
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Figure 1. Schematic of the basic molecular processes occurring 
in the Knudsen layer in interaction of plasma with metal 

Mathematical model. The mathematical model 
of absorption of gases, taking into account basic 
physical processes occurring in dissolution of gases, 
as well as geometrical structure of the problem, 
was constructed as follows. 

Given that there is no convective stirring, that 
the depth of distribution of an impurity in the metal 
is smaller than transverse sizes of the HAZ and the 
radius of curvature of the metal surface is much 
larger than the free path of particles in gas, the 
problem may be considered in a unidimensional 
statement. In this case the impurity distribution in 
the metal by a diffusion mechanism can be described 
by the following equation: 

ac a ( ac) at = ax D (T) ax . 
(1) 

The initial (t = 0) and boundary (x = 0, x = 
=- oo) conditions for equation (1) have the fol­
lowing form: 

C (x, 0) = Co, C (- =, t) =Co, 

- D (T) ac;ax[x = o = j, D (T) ac;ax[x = - = = 0. 

The following designations are used in equation 
( 1): C = C (x, t) is the concentration of the im­
purity element; D is the diffusion coefficient; T = 
= T (x, t) is the metal temperature; x is the space 
coordinate directed from the metal to the gas phase 
and t is the time. The gas content of the metal, 
[G] (wt.%), depends upon concentration Cas fol­
lows: [G] = (C / p)-100 %, where pis the specific 
metal density. 
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Figure 2. Diagram of the space structure of the gas flow in its 
interaction with metal 

Dependence of the diffusion coefficient of gases 
in molten iron upon the temperature is described 
by the following law: D =Do exp ( -Tn / T). Va­
lues of constants Do and Tn for nitrogen and hy­
drogen in iron arc given in [ 4]. 

Density of the total mass flow of gas into the 
melt , j, included into diffusion equation ( 1) as the 
boundary condition , is associated with the function 
of distribution of the gas molecules depending upon 
the velocities in the following way: 

j =- J m Vx f d v, (2) 

where v is the vector of the velocity of the gas 
molecules with components (vx, vy, Vz); m is the 
mass of a gas molecule and f is the function of 
distribution of the gas molecules depending upon 
the velocities . 

The distribution function f (x, v) is determined 
from solution of the gas-kinetic equation for the 
Knudsen layer adjoining the metal surface. The 
method of solution described in [5, 6] is based on 
a bimodal approximation of the distribution func­
tion f (x, v) bi' the sum of products of the unknown 
coefficients a.j(x), which are the function of space 
coordinate x and depend only upon the velocity of 
the half -space maxwellians {;± ( v). In a general 
form, the half-space maxwellians are described as 
follows: 

+ _ . _!!!:___ _ m((<-':r u;t + vy + Vi) (3) ( J/ 2 I ') ') ? l. 
fi (v) - n, 2nkT; exp 2kT; · 
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Sign ± in equation (3) corresponds to a direction 
of the velocity of motion of the molecules in the 
gas phase: + - for the molecules which move from 
the surface and- - for the molecules which move 
to the metal. Subscript i runs the s , ., and oo values. 
Here symbol s designates parameters of t he distri­
bution function near the metal surface and symbol 
= designates parameters of the distribution func­
tion at the external boundary of the Knudsen layer. 
Symbol * designates the gas molecules which left 
metal but came back to the metal surface as a result 
of collisions between each other. Parameters ni, Ti 
and Ui designate density, temperature and velocity 
of the mass flow of the molecules, respectively. 
The unknown functions at (x) at the external 
boundary of the Knudsen layer (x = =) satisfy 

conditions a~= 0, a.-= 0, a:, = 1, a:, = 1. Therefore, 

parameters n= , T"" and u= correspond to a macro­
scopic density, temperature and mass flow of gas 
between the Knudsen layer and the gas-dynamic 
region. The values of coefficients a:, = 0 and a; at 

the metal surface (x = 0) are determined from a 
condition according to which the gas molecule, af­
ter collision with the surface, either dissociates and 
penetrates into the metal or is diffusely reflected 
from it . The values of parameters Us = 0, u . = 

= (2kTs/nm)112,n. = ns/2andT.=(1- 2/ 3n)Ts 

are determined from conditions of conservation of 
mass, momentum and energy for the flow of the 
gas atoms evolved from the metal. In a general 
form, the distribution function can be written as 
follows: 

f (x, v) = ai(x)(s(v) +a~ (x)f. (v) + 

+a~ (x)f:, (v) +a::, (x)f: (v). 

(4) 

Unknown coefficients at (x), which are part of 
t he distribution function, can be determined by 
ubstitution of molecular characteristics Q L = m, 

mv, mv2 / 2 (mass, momentum and energy of an 
individual molecule) into the gas-kinetic equation 

I d( 
QL v dxdv = MQL)· 

(5) 

For molecular characteristics m, mv, mv2 / 2 
the integral of collisions is MQL) = 0, because 
of t he laws of conservation of mass, momentum 
and energy. Substitution of equation (4) to the 
sy tern of momentum equations (S) followed by 
:ntegration allows parameters of the gas flow near 
-he metal surface (x = 0) to be related to those 

t t he external boundary of the Knudsen layer 
x = =). The resulting system of equations has 

:!le fo llowing form: 
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1 -1/2 -112 1 1/2 -·tt ts Ps + 2r:d, F. a5 (0) + 

1 -
+ 2,aF~ a~(O) = 5~, 

(6) 

- 1/2 112 112 112 - . 
n ts ps + [t. H.- (1 - a)tst• F,]as(O) + (8) 

+ [H~- (1 - a)tsF~]a:(O) = S~(S~ + 5/2), 

where 

a;= a. n.ln~, ti = TilT~, Ps =Psi P~ , 

Si = Ui1(2kTilm) 112
, 

1 2 112 1 2 2 
Hi= 2Si(Si + 512) erfc Si-n (1 + 2Si) exp (-Si). 

Equations (6) through (8) contain three un­

known values: a~ (0), a:, (0) and S~ . The desired 

mass flow of gas to the metal is determined through 
variable S~ as follows: 

j = -I mvx fdv =- mn~ (2kT ~lm)112S~. 

The system of equations (6) through (8) in­
cludes parameters relating to the boundary of the 
Knudsen layer and in the ambient atmosphere. 
Temperature and pressure of the gas phase at the 
boundary of the Knudsen layer (subscript=) and 
in the region of the hydrodynamic gas flow (sub­
script g), according to [7], are related by the fo l­
low ing equations: 

T91T~ = (Pg1P~)<y-1)1y' (9) 

P91 P~ = [ 1 + ~(y - 1)M~ ] 2Y1<Y- 1l, 

where M= = (2/y) 112s= is the Mach number; y = 
= cp/ Cv is the specific thermal coefficient; Tg and 
Pf are the temperature and pressure, respectively, 
o the surrounding gas. 

To solve the system of equations (6) through 
(8), it is necessary to determine one more parame­
ter, namely the dimensionless pressure of gas 
evolved from the metal, i.e. Ps =Psi P"" . Intensity 
of desorption of gas from the metal (x = 0) is 
determined through its pressure in the Knudsen 
layer, Ps, which in turn depends only upon the 
temperature of the surface, Ts, and the concentra-
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Figure 3. Nitrogen content of iron as function of time of holding 
a sample in the pure nitrogen atmosphere: 1 - metal remelting; 
2 - metal refining; •• 0 - experimental data obtained at 
T = 1873 and 1953 K, and PN = 0.008 MPa, according to [3]; 
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10"3 10"2 10"1 

tion of gas at the surface, [G]5 , following the 
Sieverts law [8], irrespective of the fact whether 
the metal is in equilibrium with the atmosphere or 
not. To determine p5 , consider that in a particular 
case of thermodynamic equilibrium at (t5 = 1, Soo = 
= 0), as it follows from the system of equations 
(6) through (8), Ps = a. Then 

2 P,=cx([Gls/Kc). (10) 

Equilibrium constant Kc = [ G ]5 / P5 ) 112 for 
gas has the following dependence upon the tem­
perature: lg Kc = A / T + B, where A and B are 
the constants. Their values for nitrogen and hydro­
gen in iron are given in [3, 9]. In calculations it is 
important to take into account that dissociation of 
the gas molecules in the case of contact of the metal 
surface with a conventional atmosphere occurs 
mostly at the metal surface as a result of weakening 
of chemical bond between atoms in the gas mole­
cules near a metal atom [8]. The molecule binding 
energy Eds decreases by a value of bond between 

the atom and metal, EM-G· The degree of dissocia­
tion of the mol ecule near the metal surface is de-

[N]/[Nleq 

0 .8 

0.6 

0.4 

0.2 

10"5 10 "4 10"0 10"< 10"' 1 10 t, s 

Figure 4. Nitrogen content of iron at a depth of 10 J.Lm as 
function of time, depending upon the gas pressure at temperature 
(T = 2000 K) 

10 t, s 

Figure 5. Same as in Figure 4, but for hydrogen 

scribed by the Arrhenius law a= cxo exp(- E'd / T5 ), 

where E'd =Ed -EM-G· In the case where the metal 
is in contact with the low-temperature slightly ion­
ized plasma, the molecules dissociate in the bulk 
of the gas phase (plasma), which is determin ed by 
the temperature and density of the latter. Data on 
the degree of dissociation, depending upon the tem­
perature of the plasma, under a pressure of 105 Pa 
are given below, respectively, 

for the nitrogen plasma [10]: 

temperature , K 5000 6000 7000 8000 

degree of dissociation , au 0.20 0.11 0.53 0.91 

and for the hydrogen plasma [10j: 

temperature, K 

degree of dissociation , au 

4000 

0.11 

5000 

0.45 

6000 

0.89 

The mathematical model was realized in the 
form of software written in the C++ language. The 
algorithm of solution of equation s of mass transfer 
is based on the functionally independent modules. 
The diffusion equation was solved by the finite 
difference method with approximation of the se­
cond order of accuracy, which is provided by the 
symmetrical implicit d(rank-Nicholson>.> diagram 
[11]. The system of non-linear equations (6) 
through (8) was solved by the tangent method, i.e. 
the <<Newton method>.>, which provides quadratic 
convergence of the solution [12]. 

Results and discussion. The process of absorp­
tion of gases depending upon the stat e of the at­
mosphere can occur under condit ions which are 
both close to thermodynamic equilibrium and far 
from it, where, for example , the ambient atmos­
phere is overheated by the electric current flowing 
through it and, hence , is dissociated t o a substantial 
degree. 
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[H]/[H,...l...::eq~---------------, [N]/ [Nl eq 
~~---------~----. 

Tp, K 8000 

Tp, K 6000 

5000 

4000 

1Q•1 10 t , s 

Figure 6. Hydrogen content of iron at a depth of 10 J.lrn as Figure 7. Same as in Figure 6, but for nitrogen. Metal tern­
function of time at different temperature of the plasma . Metal perat ure 2000 K, partial pressure of nitrogen in the plasma 
temperature 2000 K, partial pressure of hydrogen in the plasma 500 MPa 
SO MPa 

The simplest case of mass t ransfer in terms of 
investigation is that occurring through the metal­
gas interface under conditions close to thermody­
namic equilibrium, where the uniformly heated 
metal is surrounded by gas having the same tem­
perature. Such problems are well studied both theo­
retically and experimentally. Calculations of the 
absorption processes under these conditions were 
used as the test examples to check validity of the 
developed mathematical model. 

Results of the experimental studies of the ki­
netic dependence of absorption of nitrogen from 
the controlled atmosphere by the refined metal with 
an initial nitrogen content of [N]o = 0.001 %, which 
are especially convenient for comparing experimen­
tal and calculated data, are taken from [3] . Figure 
3 shows results of comparison of the experimental 
and calculated data on the nitrogen content of iron 
depending upon the time of holding the metal in 
;:he atmosphere of pure nitrogen for two different 
cases: refining and remelting. Note that in the re­
:nelted metal the initial nitrogen content [N]o is 
lower than the equilibrium concentration [N]e at 
a temperature of the melt, whereas metal refining 
- - - done at a decreased gas pressure , where [N]o > 
> r_ ']e. 

Calculation of absorption from the pure gas at­
"" ::phere depending upon the pressure under con­

- of thermodynamic equilibrium is shown in 
~ '1:...r - 4 and S. In calculation of absorption for 

-..:erem gas pressures, the equilibrium gas content 
_·a ed following the Sieverts law, [ G] = 

, ., 
= ':;P(; -. is t aken as the concentration unit. Com-

- ;:l oi Figures 4 and S shows that absorption 
- _ --02en occurs much faster than absorption of 

Absorpt ion of gas by metal in contact with 
the plasma. W hen the atmosphere transfers into 
the state of the arc discharge, the degree of disso­
ciation in it increases by many orders of magnitude . 
Dissociation in the plasma exceeds that of gas on 
the heated surface , which leads to an increase in 
the amount of the dissociated atoms in the Knudsen 
layer. The gas flow into the metal increases and 
the gas concentration of the metal also substantially 
increases. Calculation of the kinetic dependence of 
absorption of gases by the metal in contact with 
the plasma within the frames of the suggested 
mathematical model, without description of the dy­
namics of evolution of the plasma, is presented in 
Figures 6 and 7. The calculation results make it 
possible to derive the kinetic dependence of absorp­
tion of gases upon the plasma temperature and gas 
partial pressure and estimate the effect of the 
plasma temperature on the concentration of gases 
dissolved in the metal. 

CONCLUSIONS 

1. The developed kinetic model of interaction of 
the low-temperature plasma with metal is based on 
the combined solution of equations of mass transfer. 

2. Comparison of the calculation results with 
the experimental data shows that the developed 
model adequately describes absorption of two­
atomic gases by metal. 

3. The model made it possible to estimate the 
effect of the plasma temperature on the content of 
gas dissolved in metal. 
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THERMODYNAMIC ANALYSIS OF REDOX 
CARBON-INVOLVING PROCESSES OCCURRED 

DURING FUSION WELDING 

N.G. EFIMENKO and N.A. KALIN 
Ukrainian Engineering-Pedagogical Academy, Kharkov, Ukraine 

ABSTRACT 

The article suggests an approach to thermodynamic calculation of chemical reactions proceeding in three phases, 
i. e. metal, slag and gas, at the same temperature . Series of the probable proceeding of reactions of oxidation of 
elements and reactions of carbon reduction of elements from oxides have been arranged for characteristic tem­
peratures of the melting zone in arc welding. It is hown that temperature of beginning of carbon reduction of 
oxides in the metal phase, except Ce0

2 
and FeO, is lower than that in the slag phase which allows the deoxidation 

process to occur at lower temperatures and prm-ides the possibility of using carbon in a bound state as a deoxidizer 
in welding consumables. 

Key words: isobar-isothermal potential, chemical af­
finity, dissociation pressure, phase, oxidation, reduccian. 
oxidizer, reaction constant, melting zone. 

When developing welding consumabl es for the fu­
sion arc welding an integrated problem of produc­
ing gas and slag phases which regulate the weld 
metal quality during interaction with a metal pha-e 
i to be solved. To investigate reactions, proceeding 
in these phases , from the point of view of the quali­
tative evaluation and determination of the mo.::t 
probable trend of development, the method i u.::ed . 
as a rule , which is based on setting the thermody­
namic equilibrium of the system in the zone of 
melting. 

The comparative estimation of reaction of oxi­
dation is usually carried out by a degree of a chemi­
cal affinity of substances to oxygen . The degree oi 
carbon affinity to oxides makes it possible to judge 
about the process of decarburization in ' elding. 

The measure of a chemical affinity of elements 
to oxygen in fusion welding serves the increment 
of a standard isobar- isothermal potential f..G~. cal ­
culated from Gibbs-Helmholtz equation, which for 
the preset temperature has a form [ 1] 

0 0 0 
!':.GT =MIT - Tb.ST. 

( 1) 

In parallel with an estimation of affinity by 
decrease in an isobar potential, in thermodvnamic 
analysis of equilibrium of the chemical reaction the 
calculation of constants of equilibrium . repre­
senting the steady relation between the concentra­
tions , participating in the reaction of sub tances, 
is used. Dependence of constants of equilibrium on 
temperature is expressed by the Van't Hoff equa­
tion [2] 

© N.G. EFIMENKO and N.A. KALIN, 2000 
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0 
!':.GT 

lgk = - 19 .1 S T . 
(2) 

For practical calculations this equation is written 
in the form 

A 
lgk =- + B 

T ' 
(3) 

where A and B are the constants, whose values are 
given in reference tables or calculated by known 
,·al ues [2]. 

The chemical affin.ity of elements to oxygen is 
enluated by the dissociation pressure of oxides and 
expressed by a partial pressure of the only gaseous 
product of the reaction , i. e. oxygen. 

The work is aimed at the determination of se­
quence (preference) of proceeding reactions of for­
mation of oxides and carbon reduction of elements 
from oxides in three phases at the same tempera­
tures . 

The thermodynamic analysis was performed us­
ing the data of [ 3, 4] for reactions occurring in 
fusion welding with an involvement of iron, man­
ganese, titanium, aluminium , carbon, yttrium, 
zerium and their oxides. 

To study the reactions proceeding in a molten 
metal, a temperature interval of existence of a liq­
uid metal phase (electrode drops, weld pool) was 
taken, beginning with a minimum possible tem­
perature of Fc-C alloy melting from the equilib­
rium diagram [5], equal to 1420 K, that corresponds 
to 4.3 % C-containing eutectics. The temperature 
of drops of the electrode wire Sv-08, equal to 
2500 K, is taken as a maximum temperature of the 
metal phase, while 1810 K is taken as a temperature 
of beginning of melting of this electrode rod [6]. 
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Figure 1. Temperature relation of specific mass constants of 
formation of oxides in three phases 

At a given generalized diagram (Figure 1) of 
temperature relation of speci fic mass constants of 
formation of oxides in three phases, calculated per 

~~~ ~~m~a;gr ;! ~~~;e:l~,o~~:rt~a~?:~:~: f~~~Y~ 
= 0. The physical meaning of this relationship con­
sists in the fact that at temperature To the equilib­
rium pressure of oxygen over oxide will be equal 
to external pressure of the 105 Pa pure oxygen, i. e. 
in the pure oxygen the metal will not be oxidized . 
The temperature To wi ll be calculated by formula 

A 
To=B. 

(4) 

Analysis of curves (Figure 1) shows that with 
a temperature increase the dissociation pressure of 
all oxides , available in three phases: metal [ ... ], 
slag (. . .) and gaseous { .. . } is increased. This indi­
cates about decrease in stability of oxides, however, 
a free carbon and carbon, dissolved in a molten 

metal, remain the highest deoxidizing ability when 
high temperatures (> 2700 K) are reached. 

To define the sequence of metall urgical pro­
cesses in three phases it is rational to compare them 
using the same temperature. Table 1 gives reactions 
of formation of oxides of elements arranged by a 
degree of losses in an affinity to oxygen at the 
temperatures typical of the fusion welding. 

Analysis of these reactions shows that, when 
the definite temperatures are attained, the carbon 
dissolved in a molten metal will deoxidize oxides 
of all deoxidizers, widely used in metallurgy, by 
their reduction up to pure elements and decreasing 
the content of non-metallic inclusions and oxygen 
in the deposited metal , as a gaseous oxide of carbon 
CO will be a product of the reaction. The same 
situation is observed in gaseous and slag phases. 

Reduction of elements from carbon oxides. The 
burning-off of carbon in gas, slag and metal phases 
in fusion welding, as a result of interaction with 
oxygen of metal oxides, is a clearly expressed en­
dothermal process occurring at high temperatures. 
Under the conditions of the arc welding the oxides 
can be deoxidi zed by carbon according to t he re­
action 

MeO + C = Me + CO, 

which is a result of two private reactions 

2Me + 02 = 2Me0, 

2C + 02 = 2CO. 

(5) 

(6) 

(7) 

Constant of equilibrium of the reaction of the 
carbon reduction of oxide (S) is an algebraic sum 
of reactions (6) and (7) of MeO and CO formation 

lgkMeO = Al + s 1 (8) 
T ' 

lgkco = A 2 + s 2 (9) 
T ' 

A 
lgkc;co = lgkMeO + (- lgkco) = T + B, ( 10) 

where A1, A2, B1, B2 are the coefficients whose 
values are taken from tables of temperature rela­
tions lgk for corresponding reactions. 

As CO is the only gaseous product of the reac­
tion (5), the constant of equilibrium of the reaction 

Table 1. Reactions of formation of oxides at temperatures in the zone of melting 

T, K Series of probable sequence of formation of oxides in three phases 

1420 

1810 

(Y20~), (Al20 3) , (Ce02), (Ti02), (Si02) , (MnO) , {Al20 }, [Y20 3], {CO}, [Ce02], [Al20 3] , {YO}, {CeO}, {Ti02}, 

(FeOJ , [Ti02], [Si02], [MnO], {FeO}, {MnO}, [CO], [FeO] 

(Y20 3), (Al 20 3), (Ce02), (Ti02), {Al20}, (Si02), {CO}, (MnO), {YO}, [Yp3], {CeO}, {Ti02}, [Ce02], [Al20 3], 

{Si02}, (FeO) , [Ti02], [CO] , [Si02], {MnO}, [MnO], {FeO}, [FeO] 

2500 (Y20~), {Al20 3}, {CO}, (Al20 3), (Ce02), {YO}, (Ti02), (Si02), {CeO}, (MnO), {Ti02}, [CO], [Y20 3], {Si02}, 

(FeOJ, [Al20 3], [Ce02], [Ti02], {MnO}, {FeO}, [Si02] 

3000 {CO}, {Al,O}, (Y,O,), (Al,O,), {YO}, {CeO}, (Ti02), (Ce02), (SiO,), (MnO), {TiO,}, {Si02}, (FeO), {MnO} 
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Table 2. Results of calculation of temperature of beginning 
the reduction of oxides of main elements for three phases 

R eaction 

FeO + C = Fe+ CO 
MnO + C = Mn + CO 

..!.sio, + c = ..!.s, + co 
2 2 

..!_Ti02 + C = ..!_Ti +CO 
2 2 

1 2 
3Al20 3 + C = 3Al + CO 

Al,O + C = 2Al + CO 
1 2 
3Y20 3 + C = 3Y+ CO 

YO + C = Y +CO 
1 1 
2Ce02 + C = 2Ce + CO 

CeO + C = Ce + CO 

[ 1082] ( 1060) 

[1 587 ] (1682) 

[1802] (1941) 

[2006] (2040) 

[2236] (2300) 

[2483] (2690) 

[2228] (2181) 

kc; co = Pco . 

{668} 

{277} 

{586} 

{700} 

{2773} 

{788} 

{819} 

(11) 

The equilibrium pressure of CO , determined by 
th is reaction, is a function of temperature. 

The equilibrium of reactions of decarburization 
under the standard conditions (i.e. there are con­
dens5d independent phases MeO, Me, C and Pco = 
= 1 0 Pa) corresponds to the value lgkc 1 co = 0, 
when kc; co = Pco = 1. 

Temperature , at which the reaction (5) is in 
equilibrium, is called a temperature of the begin­
ning of carbon reduction of the metal oxide, i. e. 
Tb.r [7]. The reaction (5) proceeding for the metal 
reduction is possible only at a real temperature Tr 
c i metal oxide mixture with carbon which is above 
T b_r, i.e. at Tr > Tb.r· 

The Tb.r value of the given oxide corresponds 
- the temperature at which the chemical affinity 
oi the metal being reduced to oxygen becomes equal 
:: the carbon affinity to the oxygen. If the carbon 

.:rinity at a definite temperature is higher than 
: at of metal, the reaction (5) will proceed from 

it to right up to the establishing the CO equilib­
·urn pressure. If the affinity of metal to oxygen is 

-tQber t han that of carbon, then the reaction of 
-a· oxidizing with a carbon oxide will proceed 
-- a reduction of carbon. 
The h.r value can be found analytically from 

- ~ equation of a constant of the decarburization 
- '"')ll (10) 
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Figure 2. Temperature relation of constants of reactions of car­
bon reduction of main elements from oxides in three phases 

whence 

A 
lgkc ; co = T + B, 

Figure 2 gives the temperature relation of con­
stants of reactions of carbon reduction of main ele­
ments from oxides in three phases. Table 2 presents 
the resu 1 ts of calculation of values Tb.r of oxides 
of main elements for gaseous, slag amd metal phases 
in fusion welding. Table 3 presents series of the 
probable proceeding of reduction reactions, ar­
ranged by the degree of losses in the ch emical af­
finity of carbon to oxides at temperatures typical 
of the fusion welding. 

From analyzing the results of calculation, given 
in Figure 2 and Tables 2 and 3, the conclusion can 
be made that in welding consumables which contain 
the high-carbon ferroalloys of Fe-C system the oxi­
dation of dissolved carbon and reduction of iron, 
manganese and silicon from oxides is possible in 
heating within the 1420- 1810 K temperature in-

~ - 3. Series of probable proceeding of reactions of carbon reduction of elements from oxides in three phases 
Series of probable sequence 

' ~[nO}, {FeO}, {Si02}, {Ti02}, (FeO), {CeO}, [FeO], {YO} 
~[nO}, {FeO} , (FeO), {Si02}, {Ti02}, [FeO], {CeO}, [MnO], (MnO), [Si02] 

'FeO}, {MnO}, (FeO), {Si02}, {Ti02}, [MnO], {CeO}, [FeO], (MnO) , [Si02], (Si02), [Ti02], (Ti02), (CeO), 
[Ce0 2] , [Al20 3], [Y20 3], (Al20 3) 

3000 {FeO}, {MnO}, (FeO), {Si02}, {Ti02}, [MnO], (Si02), (Ce02) , {CeO}, (Ti02), (Al20 3), {YO}, {Y20 3}, {Al,O,} 
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terval in case of exceeding the corresponding Tb.r · 
In a metal phase carbon can reduce also oxides of 
titanium, aluminium, zerium, yttrium and other 
elements during heating to 2500 K temperature. 

In fusion welding the reactions of decarburiza­
tion will proceed in three phases, but the values 
Tb.r of oxides of manganese, silicon, titanium, alu­
minium and yttrium in a slag phase are higher than 
in a molten metal that indicates the preference in 
use of carbon as a deoxidizer in a bound state, for 
example, in the form of a cast iron powder or high­
carbon ferroalloys. 

The reactions of deoxidation of gaseous oxides 
with a free carbon are proceeding at the lower tem­
peratures, but taking into account that the partial 
pressure of gaseous oxides in fusion welding is too 
low, the occurrence of these reactions is hardly 
probable. 

CONCLUSIONS 

1. The thermodynamic calculation of constants of 
equilibrium, reactions of formation of oxides and 
reactions of carbon reduction of elements of oxides 
in three phases is made. The generalized diagrams 
are plotted. 

20 

2. Series of a probable proceeding of reactions 
of oxidation of elements and carbon reduction of 
elements from oxides for typical temperatures of 
the zone of melting in arc welding are arranged. 

3. Temperature of beginning the carbon reduc­
tion of oxides in a metal phase, except Ce02 and 
FeO, is lower than that in a slag phase . This initi­
ates the process of deoxidation at lower tempera­
tures and gives a feasibility to use carbon in a bound 
state as a deoxidizer in welding consumables. 
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PECULIARITIES OF PHASE AND STRUCTURAL 
TRANSFORMATIONS OCCURRING IN GRAY CAST 

IRONS WITH A DIFFERING PHOSPHORUS CONTENT 
DURING THERMAL-DEFORMATION WELDING CYCLE 

G.M. KROSHINA, V.G. VASILIEV and D.P. NOVIKOVA 
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

ABSTRACT 

Phase and structural transformations in commercial cast iron SCh20 with a phosphorus content of 0.10 and 0.28% 
during welding have been investigated. The effect of the thermal-deformation welding cycle on deformability of 
cast irons has been studied. Continuous cooling transformation diagrams for austenite have been plotted. It is 
shown that an increased phosphorus content of gray cast iron favours development of an intermediate transfor­
mation of austenite in the HAZ metal. Peculiarities of behaviour of phosphide eutectic during the thermal­
deformation welding cycle have been investigated. 

Key words: fusion welding, gray cast irons, thermal­
deformation welding cycle, phase transformations, micro­
structure, phosphide eutectic, continuous cooling transforma­
tion diagram, transformation of austenite, cooling rate, 
graphite inclusions. 

Thin-walled castings (o = 5-15 mm) of gray cast 
iron SCh20 with a phosphorus content of 0.10 % 
have wide commercial application. Structure and 
mechanical properties of such cast irons exhibited 
during the thermal-deformation welding cycle are 
well studied [ 1 - 4]. An increase in the phosphorus 
content of up to 0.30 % is reported [5] to lead to 
a decrease in size of the eutectic grain of metal of 
the above castings. Also, this makes the metal struc­
ture isotropic through the thickness, which causes 
an increase in cast iron strength and wear resis­
tance. However, almost no literature data are avail­
able on the effect of the thermal-deformation weld­
ing cycle on peculiarities of formation of structure 
of the HAZ of a commercial gray cast iron with a 
phosphorus content of up to 0.30 %. The only data 
available refer to ESR gray cast iron with P = 
= 0.28% [6]. In this connection of interest are com­
parative investigations of phase and structural 
transformations occurring in commercial gray cast 
irons of the SCh20 grade with P = 0. 10 - 0. 28 % 

and study of behaviour of the phosphide eutectic 
(PE) during the thermal welding cycle . 

The authors conducted investigations on sam­
ples of SCh20 with a phosphorus content of 0.10 
and 0.28 % and an almost equal mass fraction of 
other elements. Critical points of the cast irons 
under investigation were determined using the 
Chevenard dilatometer, and solidification tempera­
ture ranges were estimated using the VDT A-8M 
installation (Table 1 ). Size and distribution of the 
graphite phase , as well as characteristic peculiari­
ties of PE were evaluated in compliance with GOST 
3443-87. To provide the identical structure, the 
samples were preliminarily subjected to high-tem­
perature annealing (Th = 900 'C, holding for 2 h 
and air cooling). Structure of the investigated cast 
iron samples is shown in Figure 1. Kinetics of trans­
formation of austenite in the HAZ was studied us­
ing the fast-response dilatometer developed by the 
E.O. Paton Electric Welding Institute [7], and 
derivative thermal analysis was done using the in­
strument developed by the Slovakian Research In­
stitute of Welding [8]. The object of investigation 
was cast iron with a shape of graphite characteristic 
of thin-walled castings, therefore, in our investi­
gations we reproduced actual thermal cycles prac-

Table 1. Chemical composition and critical points of cast iron SCh20 under investigation 

No. 
of 

Content of elements, wt. % Critical points, oc 

sample c Si Mn Cr p s T, T, Ac! Ac3 

3.20 2.00 0.72 0.23 0.10 0.120 1150 1190 760 820 

2 3.27 2.20 0.54 0.23 0.28 0.013 1115 1170 780 830 
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Figure 1. Microstructure of gray cast irons SCh20 with P = 0.10 (a) and 0.28 % (b) (x150), containing PE1 (c) (xSOO) and 
PES (d) (x650) (reduced by 7 / 10) 

ticed in welding repair of casting and service defects 
in thin-walled parts made from SCh20 [9] . 

Two regions of the HAZ were investigated: one 
heated to a temperature below the solidus pvint 
(about 1100 oc) and the other - heated to a tem­
perature above the critical point of Ac3 (900 OC). 
These are the main regions which are most respon­
sible for the quality of a welded joint. Structure 
and deformability of the cast irons were investi­
gated within the same temperature range (900 -
1100 oC) . Investigations of the kinetics of trans­
formation of overcooled austenite involved com­
prehensive analysis of dilatometric and thermal 
curves of cooling. Microstructure of the simulation 
samples was studied by optical metallography using 
the «Neophob> microscope. Distribution of phos­
phorus and silicon in the cast iron matrix and PE 
was determined by X-ray spectrometry using the 
CAMECA installation MS-46. The <<ALA-TOO» 
high-temperature metallography installation was 
used to study the effect of the welding thermal 
cycle on deformability of the cast irons . Tensile 
tests were carried out on standard specimens with 
a cross section of 3 x 3 mm and 70 mm long at 
temperatures of 900 , 1000 and 1100 °C, as well as 
during subsequent cooling under conditions of a 
maximum possible deformation which does not lead 
to complete fracture of the metal. The minimum 
stress values at which an instantaneous fracture 
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occurs were determined by selection of the load for 
each test temperature. The test procedure employed 
is described in [10]. 

As shown by the results obtained , the matrix 
of the SCh20 cast iron with P = 0.10 % consists 
mostly of pearlite, the ferrite content being 10 % 
(Figure 1, a). Binary PE (PE1) has an area of 
6000 - 8000 f.Lm2 (Figure 1, c). There are also in­
dividual inclusions of ternary PE with cementite 
laminae (PES), the area of v.·h ich is 800-
1000 f.Lm2 and the length of the graphite inclusions 
is 220 - 2SO f.Lm (Figure 1, d). The graphite phase 
has an inter-dendrite distribution. 

The SCh20 cast iron with P = 0.28 °o has a 
ferritic-pearlitic structure with a ratio of the pear­
lite and ferrite components equal to 50:50 (Fi­
gure 1, b), i.e. it contains a larger amount of ferrite 
than the cast iron with P = 0. 10 °6. The area of 
PE1 is 800- 1000 f.Lm2 (Figure 1. c) and that of 
PES is 10000- 12000 f.Lm2 ( Figure I, d) . PES has 
some specific features described in [ i 1 ]. They are 
not classified in GOST 3443- 87 and consist in the 
fact that there are t hinned regions i::: rhe form of 
«whiskers>> and individual embedme;:r;:s of cemen­
tite near PE , as wel l as phosph:des ~;J ::he bulk of 
the matrix regions adjoining i"L . The graphite in­
clusions are 2SO - 280 f.Lm long. The g;-a~hite phase 
also bas an inter-dendrite distrii:m<:ioa. h shoul d 
be noted that PE is ah,-a,·s iocared ia t:.b.e dendrite 
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Figure 2. Austenite continuous cooling transformation diagrams at Wh = 150 ·c; s plotted for cast iron with P = 0.10 (a, b) 
and 0.28 % (c) at T" = 900 (a) and 1100 ·c (b, c) 

spacings between the axes in the form of individual 
inclusions, as indicated in [ 11]. 

To plot the austenite continuous cooling trans­
formation diagrams the samples were heated at a 
rate of Wh = 1 SO oc Is to a temperature of 900 and 
1 100 oc, and then cooled in accordance with the 
thermal welding cycle. The austenite continuous 
cooling transformation diagrams were almost iden­
tical for the SCh20 cast irons with a phosphorus 
content of 0.10 and 0.28% in heating to a tem­
perature of up to 900 °C. 

Based on the data of the diagram (Figure 2, a) 
[2], at We< 16 OC/s the austenitic transformation 
occurs within an upper temperature range of 7 40 -
670 °C, while at We> 16 oC / s it occurs not only 
within this range but also within the martensite 
region (the temperature of beginning of the marten­
sitic transformation is Mb = 220 OC). 

The austenite continuous cooling transforma­
tion diagrams for the SCh20 cast irons with a phos­
phorus content of 0.10 and 0.28 % at Th = 1100 ·c 
are shown in Figure 2, b, c. 

In the cast iron with . P = 0.10 % at We = 

= 9.5 OC/s the transformation occurs within the 
upper temperature range of 745 - 595 °C. The 
structure is a ferrite-carbide mixture and hardness 
of the matrix is HV 207 . At We = 16 oC / s the 
austenitic transformation occurs both in the upper 
and lower temperature range. Mb = 190 °C. It 
should be noted that at such cooling rates the non­
homogeneity of austenite increases. In the PE pre­
cipitation regions there are zones of the ferrite-car­
bide mixture, most often they are of a globular 
shape (Figure 3, a). Hardness of the matrix is up 
to HV 360. At We 2: 33 oC/s the austenitic trans­
formation occurs only in the martensitic region 
(Figures 2, band 3, b), and hardness of the matrix 
increases to HV 460. 
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In the cast iron with P = 0.28 %, in heating to 
1100 oc and at We= 6.5 - 8.5 oC/s , austenite is 
sufficiently stable. Its transformation begins at 
690 oc and occurs mostly in the upper temperature 
range of up to 640 oc and, moderately, in the 
martensitic range (Mb = 170 - 180 OC). Structure 
of the matrix which has hardness of HV 280 - 300 
consists of pearlite of a differing degree of disper­
sion and individual martensitic regions. Their for­
mation in the pearlitic matrix during cooling is 
probably aided by an increased carbon content of 

Figure 3. Microstructure of samples of cast iron with P = 0.10 % 
at Th = 1100 ·c and W , = 16 (a) (x600) and 33 ·c; s (b) (x800) 
(redused by 0.75) 
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Figure 4. Microstructure of samples of cast iron with P = 0.28 % 
at Th = 1100 'C and W e = 6.5- 8.5 (a), 14-40 (b) (x600) 
and 70 'C / s (c) (x800) (reduced by 7 / 10) 

some austenitic regions (Figure 4, a). The austeni­
tic transformation at We= 14 - 40 oc Is occurs in 
the upper and middle temperature range from 650-
500 to 380 oc and in the martensitic region (Fi­
gures 2, c and 4 , b). Hardness of the matrix at 1Ve 
= 14- 25 OCi s is HV 360- 380, the content of 
the martensitic phase is 15 - 20%; at We= 40 oc I s 
the content of the martensitic component amounts 
to 35 - 40% and hardness of the matrix is HV 430. 
At We ;:o: 70 oCi s the austenitic transformation 
occurs only in the martensitic region (Figures 2, c 
and 4, c) and hardness of the matrix increases to 
HV 480 - 520. In this case the time difference in 
the formation of martensite (martensitic needles 
have dark and light colouring) also seems to be 
associated with the non-homogeneity of austenite. 
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In the cast iron with P = 0.2b "o each cooling 
rate corresponds to a certain Yalue of temperature 
Mb - 180, 210, 230 and 240 oc at n·c = 8.5, 14, 
25 and 40 OCi s, respectively. This floating point 
of beginning of the martensitic transformation is 
probably associated with a wide range of tempera­
tures of the preceding intermediate transformation 
(Figure 2, c) . Shift of the martensitic transforma­
tion beginning in the case of a wide intermediate 
transformation range for high-strength steels was 
considered by A.M. Makara in [12]. 

Despite contradictions in the available data on 
the effect of phosphorus on the temperature range 
and character of phase transformations in medium­
alloyed steels and gray cast irons [ 13 - 16], the 
authors do not disagree that phosphorus causes a 
substantial widening of the temperature range be­
tween liquidus and solidus. This is known to favour 
development of primary segregation and narrowing 
of they-region and, hence, retention of segregation 
in the solid state . Our experimental data coincide 
with conclusions of the authors of r13- 16] that 
at an increased carbon content phosphorus pro­
motes overcooling of austenite. 

As shown in Figure 2, in the SCh20 cast irons 
at P = 0.10 % the austenitic transformation begins 
at a temperature of 745 oc and at P = 0.28 % this 
temperature decreases to 698 °C. During the y ~ 
~ a transformation, when the crystalline lattice 
of iron undergoes restructuring, the bond between 
phosphorus and silicon atoms and iron is violated, 
which causes these atoms to diffuse into ferrite [6]. 
Chemical heterogeneity in phosphorus and silicon 
formed during solidification favours the formation 
of ferrite with a differing silicon content. Phospho­
rus and silicon are the analogue elements that ex­
pand the a-region. As the silicon content of the 
cast iron is much higher than the phosphorus con­
tent, the effect of silicon is dominant. In our in­
vestigations the cast iron with P = 0.28 % (at Th = 
= 1100 oc and We= 0.6- 25.0 OCi s) also exhibits 
individual regions of ferrite with a differing silicon 
content. Redistribution of carbon , phosphorus and 
silicon within the critical temperat ure range has a 
substantial effect on the temperature of the austeni­
tic transformation in the upper temperature range 
for iron-carbon alloys. It is clear from the above­
said that our experimental results are in agreement 
with the literature data. 

It should be noted that at Th = 1100 oc these 
cast irons are characterized by peculiar processes 
of melting and subsequent solidification of PE. Re­
gions of the matri x around PES,'\ hich in the initial 
state contains phosphide, ferrite and cementite, are 
enriched at this temperature "·ith phosphorus in 
the cast iron with P = 0.10 °o at We= 16 - 25 oCi s 
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Figure 5. Variations in microstructure and configuration of PE 
in the matrix regions adjoining it at Th = 1100 'C in cast irons 
with P = 0.10% at We= 16 - 25 'C/ s (a) (x600), P = 0.28% 
at We= 8.5-40.0 'C / s (b) (x800) and P = 0.10% at W e = 
= 33 'C/ s (c) (x600) (reduced by 4/ 9) 

and in the cast iron with P = 0.28 % at We = 8.5 -
40.0 'C/s. This is evidenced by the distribution of 
basic elements in binary and ternary PE and the 
adjoining regions of the matrix I_ t 1]. The phospho­
rus content of these regions of the cast iron with 
P = 0.10 and 0.28% is 0.2- 0.5 and 0.2 - 0.8 %, 
respectively. This is attributable to the fact that 
during they~ ex transformation (at a high carbon 
content of the matrix) there is a strong antagonism 
between carbon and phosphorus [ 14] . Since carbon 
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Figure 6. Effect of deformation on microstructure of cast iron 
with P = 0.10 % at Th = 1000 'C (a) and P = 0.28% at T 11 = 
= 1100 ' C (b) (x400) (reduced by 3/ 5) 

is an austenite former and phosphorus is a ferrite 
former, the rate of diffusion of phosphorus into the 
solid phase and that of carbon into the liquid phase 
are increased. It is probable that after the formation 
of the liquid phase (at Th = 1100 'C) carbon diffuses 
into it from the boundary regions of the solid phase 
(austenite) enriched with phosphorus. As above 
said, the interfaces are formed near the incipiently 
melted grain boundaries and the phosphorus-rich 
matrix, where the austenitic transformation occurs 
in the upper temperature range. Structure of these 
regions is a ferr.ite-carbide mixture having a differ­
ing degree of dispersion (Figure 5, a). Regions in 
which such processes occur take about 15 %of the 
total area. In the cast irons investigated the PE 
regions (with an area of 400 - 600 11m2), which in 
the initial state contain ferrite and phosphide, are 
melted at Th = 1100 'C and We= 8.5 - 40.0 'C/s. 
Phosphorus diffuses from these volumes of the liq­
uid phase into the surrounding solid matrix to cause 
phosphorus enrichment of these regions on their 
perimeter, this initiating the austenitic transforma­
tion to occur in the upper temperature range. This 
postulate has an experimental proof. 

As shown by metallography and X-ray spec­
trometry, structure of these regions is a dispersed 
ferrite-carbide mixture (Figure 5, b). The phospho­
rus content of these regions is 0.2 - 0.7 %, while 
that in the prior PE locations is 0.10 - 0.28 %, 
which corresponds to the phosphorus content of 

25 



Figure 7. Fractogram of the fracture surface in cast irons with 
P = 0.10% after heating at W 11 = 150 'C / s to 1000 'C and at 
W , = 33 'C/ s (a) (x300), with P = 0.28% after heating at the 
same rate to 1100 ' C and at W e = 40 'C/ s (b) (x600) (reduced 
by 7 / 10) 

the cast iron matrix. In the cast iron with P = 
= 0.10 % at W e > 33 oCi s and cast iron with P = 
= 0.28 % at We = 70 OCi s, both PEt and PES 
predominantly preserve their form (Figure 5, c). 

The deformability investigations showed that 
the samples of gray cast iron with P = 0.10% could 
withstand a certain deformation level only at Th = 
= 900 and 1000 oc, and the samples of gray cast 
iron with P = 0.28 % could bear this deformation 
at all test t emperatures without fracture (Tabl e 2). 
The maximum ductility of both cast irons was fi xed 
in heating to 900 oc , which seems to be associated 
with the a ~ y transformation and formation of 
the austenitic matrix. Elongation of the cast iron 
samples with P = 0.28% is larger than that of the 
cast iron with P = 0.10 % (Table 2). With an 
increase in the test temperature to 1000 oc a deci­
sive role in fracture of the samples is played by the 
graphitization processes which lead to porosity and 
then discontinuities formed in the cast iron matrix 
(Figure 6, a). Similar phenomena are described in 
[ 17]. Fracture in SCh20 with P = 0.10 % occurs 
after the matrix exhausts its safety factor for duc­
tility at 1000 °C. At this temperature no fracture 
centres are observed in the cast iron with P = 

= 0.28 %. They appear at Th = 1100 °C. This is 
associated with the processes which occur in the 
cast iron matrix. In particular, these are the graphi-
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Table 2. Mechanical properties of samples of gray cast irons 
SCh20 

S ample 
No. 

2 

T tcst 1 oC 

900 

1000 

900 

1000 

1100 

Tensile Elongation, strength, 
MPa mm 

20 8.0 

5 0.4 

32 15.0 

15 0.6 

1 0.3 

tization process leading to discontinuities and pro­
cess of grain boundary slip along the forming sub­
grains (Figure 6, b). It should be noted that frac­
ture of the cast iron matrix at Th = 11 00 oc and 
We= 33 OC i s in SCh20 with P = 0.1 0 % occurs 
in the graphite phase , resulting in the formation 
of characteristic brittle fracture with a groove-like 
pattern (Figure 7 , a), and in SCh20 with P = 0. 28 % 
at We = 40 OCi s fracture is of a mixed character , 
the grain boundary fracture taking approximately 
30% (Figure 7 , b). The investigations conducted 
showed that the cast iron with P = 0.28 % has 
higher strength and ductile characteristics . This is 
attributable to the fact that the transformation of 
austenite in th e range of temperatures of its maxi­
mum stability (800 - 500 oC), at W e= 40 oCi s 
corresponding to conditions of mechanized welding 
of thin-walled parts with a heat input of 5 -
8 kJ I em, occurs to form a ferrite-carb ide mixture 
in the upper and middle temperature ranges , 
whereas in the cast iron with P = 0.10 % at the 
same cooling rate it occurs only in the martensitic 
region . 

CONCLUSIONS 

1. An increase in the phosphorus content has a 
fundamental effect on the kinetics of transforma­
tion of austenite in the HAZ. The cont inuous cool­
ing transformation diagram shows that if in SCh20 
with P = 0.10 % the austenitic transformation oc­
curs only in the pearlitic and martensitic regions, 
at P = 0.28 % the developed bainiti c region is 
formed. 

2. In a temperature range of 800 - 500 oc, at 
We = 40 oc I s corresponding to the condit ions of 
mechanized welding of thin-walled parts without 
preheating at a heat input of 5 - 8 kJ I em, the 
austenitic transformation in the HAZ of the cast 
irons with P = 0.10 % occurs only in t he martensitic 
region, while in that with P = 0.28 % it occurs in 
the upper and intermediate region s to form a fer­
rite-carbide mixture (75 - 80 %) and martensite 
(20- 25 %). 

3. At the sam e temperatures and cooling rates 
the strength and ductility values of the HAZ of the 
cast iron with P = 0.28% are higher than those of 
the cast iron with P = 0.10 %. 
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IMPROVEMENT OF PROCESS OF CONSUMABLE 
ELECTRODE WELDING WITH AN INTERMITTENT ARC 

A. T. NAZARCHUK 
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

ABSlRACT 
Some basic schematics are analyzed of stabilization of arc excitation and running in metal-electrode arc welding 
with weld formation in portions, in particular using a low-amperage arc . Shown is the rationality of making up 
the welding circuit of several independently controlled loops which provide the conductance of the arc gap, main 
arc running, control of the capacitor discharge in the arc gap by means of capacitive or inductive contours 
connected directly into the welding circuit. 

Key words: arc welding, welding arc, arc exiting, arc 
stability, stability, pilot arc, portion heat input, welding 
circuit, investigations. 

Portion formation of welds in a consumable elec­
trode welding widens greatly the technological po­
tentiality of the mentioned method of welding [ 1 -
3]. The development of new methods of a pulsed-arc 
welding is an important stage in the development 
of this trend [ 4 - 8]. 

The process of the tungsten electrode pulsed-arc 
welding using a "Pilob> arc was created long ago 
[5]. A pilot low-amperage arc is designed for sta­
bilizing repeated excitations and burning of the 
main welding arc in a pulsed condition. 

In the pulsed-arc consumable-electrode welding 
the current pulsations are made as regards to a 
background current of a definite value [6, 7]. As 
to other schemes of pulsations of the basic current 
with respect to a background current [6, 71, then 
they provide the use of high-frequency pulsations 
mainly (up to 300 Hz) . In our case the low-fre­
quency pulsations (less than 0.5 Hz) are used, when 
not only frequency of pulsations, but also the du­
ration of pulses and pauses have a decisive effect 
on the weld metal solidification and thermodefor­
mational cycles of welding [ 1 - 3]. 

The present work is aimed at analyzing the 
schemes of stabilization of exciting and burning of 

2 

Figure 1. Schematic diagram of welding circuit for stabilizing 
the process of welding with a portion formation of weld: 1 -
unit for a pilot arc supply; 2 - unit for a main arc loop supply 
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arc in consumable electrode welding providing a 
portion formation of welds [ 1 - 3] and also at the 
development of procedures which widen the tech­
nological capabilities of arc, first of all, in welding 
with a portion heat input. 

It is known that application of a pulsed arc is 
especially effective in that case when the weld con­
sists of separate mutually overlapping volumes 
(portions) of metal, providing an intermediate so­
lidification of each of them before the next one [ 1, 
2]. To realize this condition within the wide range 
of conditions of a consumable electrode welding, 
the pause between two related periods of arc burn­
ing should be approximately 3 - 5 s, and for a 
repeated excitation of the welding arc the reliable 
methods should be used. 

For this purpose an auxiliary low-amperage arc, 
burning continuously during the whole process of 
welding was used, unlike the main arc which is 
burning in the pulsed condition. 

The schematic diagram of the above-mentioned 
process of welding is presented in Figure 1. The 
power source of the auxiliary (pilot) arc supply is 
made in such a way that to provide a stable burning 
of the low-amperage arc at the currents at which 
the consumable electrode is not almost melted dur­
ing a pause. Here, the arc should preserve a possi­
bility of a maximum elongation and stable burning 
at voltages which exceed those of the main arc. 
The fulfilment of these conditions and rational com­
bination of the duration of switching-off of the 
main arc and feeding the welding wire (with al­
lowance for an inertia of the feeding mechanism) 
will provide a reliable repeated exciting of the main 
arc after each pause. 

The similar scheme of stabilizing the arc exci­
tation with a portion-discrete \Yeld formation was 
also used in the manual arc welding. Experiments 
showed its high effectiveness . _:\forem·er, during 
the manual arc welding the interrup:ed burning of 
the main arc can be often realized withou~ a special 
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Figure 2. Arrangement of welding circuit of three inde­
pendently-controlled loops (auxiliary and main arcs and capaci­
tive loop): 1 - unit for supply arc which provides the arc gap 
conductivity; 2 - the same of the main arc; 3 - the same of 
a bank of capacitors; 4, 5 - thyristor key 

device, only at the expense of an elongation of the 
arc gap. We think, that this feature can be widely 
used in the manual arc welding in different spatial 
positions. 

During the experiments on the manual arc weld­
ing using a low-amperage pilot arc, it appeared 
feasible to use a power source with a rigid charac­
teristic to supply the main arc. This circumstance 
and also an admissible decrease in an open-circuit 
voltage can reduce the consumption of electric en­
ergy, consumed by the main power source due to 
decrease in an inner drop of the voltage. 

In arc welding with a consumable electrode a 
large attention is paid to a mass transfer of the 
electrode metal through the arc gap . To provide an 
additional effect on the mass transfer we used an 
independent loop (Figure 2) designed for charging 
the bank of capacitors, whose an organized dis­
charge through the arc gap is controlled by a special 
thyristor key. The application of an independent 
source for this purpose makes it possible to control 
the voltage of charging the capacitors. 

INDUSTRIAL 
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Figure 3. Most widely-spread schematic diagram of a capaci­
tance connection in fusion arc welding: 1 - arc power source; 
2 - bank of capacitors; 3 - choke 

ity of the arc gap, especially in those cases when 
the power source of the main arc does not guarantee 
the existence of the arc process when the low-am­
perage pilot arc is switched off. This is typical of 
the manual arc welding with coated electrodes us­
ing transformer with a rigid characteristic and also 
in case of using a controllable discharge of the 
capacitor to the arc gap. As an example , when the 
voltage of the capacitor is insufficient for a break­
down of the interelectrode gap, then a low-amper­
age arc is used to provide its conductivity. 

We suppose, that the use of a controllable dis­
charge of the capacitors directly to the arc gap will 
be also reasonable in welding with a non-consum­
able electrode , and also in surfacing, for example, 
small-diameter bodies of rotation. 

It should be noted in conclusion that during 
welding with a portion formation of welds the ar­
rangement of the circuit using independently con­
t rolled loops where each of them fulfills its func­
t ional purpose makes it possible to widen the tech­
nological capabilities of the mentioned method, to 
reduce the consumption of energy . Nevertheless, it 
is necessary to consider development of welding 
arc supply sources of the new type. Concerning 
functional purposes of each of the loops, it is pos­
sible to distinguish the ensuring of the conductivity 
of arc gap and required heat capacity of the welding 
arc which is burning in stationary or pulsed con­
ditions; control of electrode metal transfer and 
other characteristics of the welding process. 

It should be noted that the inductive-capacitive CONCLUSIONS 
loops in welding circuits are used for a long time. 
The most widely-spread scheme, used by us, is pre­
sented in Figure 3. 

In resistance capacitor-type welding a control­
lable discharge of the capacitors is used to the weld­
ing circuit. However, we have also selected an in­
dependently controlled discharge of capacitors di­
rectly to the arc gap. This provided a uniform melt­
ing and transfer of the electrode metal at low weld­
ing currents (for example, for 4 mm diameter elec­
trodes the current was approximately 25 A). 

In regard to control the discharge of capacitors 
to the arc gap it is worthy to note the following. 
Block-diagram, presented in Figure 3, does not en­
visage an independent control of the capacitor dis­
charge to the arc gap, feasible according to the 
block-diagram, given in Figure 2. 

In general, the low-amperage pilot arc can be 
considered as an arc which provides the conductiv-

1. To stabilize the arc exciting and burning during 
a consumable electrode welding with a portion for­
mation of welds it is necessary to use a low-amper­
age auxiliary ( «pilot1>) arc which provides conduc­
tivity of the arc gap, but does not almost participate 
in the electrode melting. 

2. To widen the technological capabilities of 
the welding arc it is rational to make the welding 
circuit multiloop , for example, of three inde­
pendently-controlled loops which provide a stable 
burning of a low-amperage arc, burning of the main 
arc of the required power, independent control of 
discharge of capacitors in the arc gap using a ca­
pacitive or inductive loop connected directed to 
the welding circuit. 

3. The realization of the process of welding using 
a low-amperage «pilot!> arc and main arc supplied 
from the power source with a rigid characteristic 
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will reduce the consumption of the electric energy 
due to decrease in losses, used for creation of the 
falling characteristics, where they are the necessary 
condition for the welding arc existence and fulfil­
ment of the process of welding. 
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INFLUENCE OF ANISOTROPY OF THE ROLLED 
STOCK MECHANICAL PROPERTIES ON INITIATION 

AND DEVELOPMENT OF TOUGH AND 
LAMELLAR-TOUGH FRACTURES 

A.V. BERNATSKY 
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

ABSTRACT 

Brief description of expert estimations of service failures related to the structural texture, is given. The rationality 
of introduction of new terminology is presented in order to define the main kinds of lamellar fracture, namely 
lamellar-tough, lamellar-brittle, lamellar-fatigue and lamellar-hydrogen. A quantitative estimate of the influence 
of the percentage of sulphur in the base metal on the process of initiation and development of tough and 
lamellar-tough fractures, is given. 

K e y w or d s: anisotropy of mechanical properties, la­
mellar service fractures, investigations, crack resistance. 

Intensive studies in the field of application of the 
so-called pure steels for critical welded structures, 
were started in the E. 0. Paton Electric Welding 
Institute of the NAS of Ukraine at the beginning 
of 1970s, together with I.P. Bardin TsNIIChermet. 
The fundamental studies of B.E. Paton , B.I. Me­
dovar and other scientists working in this field [ 1 -
3], became widely applied in practice and were the 
next logical step in the sequential practical imple­
mentation of the ideology precisely defined already 
by E.O. Paton, which envisaged the use in welded 
structures of materials developed purposefully for 
specified service conditions taking into account the 
external impacts and meeting the requirements of 
welding technology. 

However, despite certain achievements in this 
field, the possibilities for improvement of the purity 
of the structural steels which are welded, have by 
no means been exhausted. 

The lamellar (laminated) cracks have been ex­
tensively discussed in the world publications. How­
ever, the main attention in this case was given to 
formation of lamellar cracks during welding. The 
influence of anisotropy and non-uniformity of ser­
vice properties of steel rolled stock on the welded 
structure performance and fatigue life has not been 
considered just as broadly. Nonetheless, as was 
found during the investigations which formed the 
basis for this work, the influence of the mechanical 
properties anisotropy on cracking in welded struc­
tures in service, is a determinant factor in a number 
of cases. 

Fractographic features of the sites of welded 
structure fracture due primarily to low mechanical 
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properties across the thickness (so-called Z-direc­
tion) and service conditions, predetermined the ra­
tionality of introduction of new terms defining the 
main kinds of lamellar fracture, namely lamellar­
tough , lamellar-brittle, lamellar-fatigue [ 4] and la­
mellar-hydrogen [5]. 

As the anisotropy of the mechanical properties 
of the steel sheet is largely determined by the tex­
ture of non-metallic inclusions and primarily, sul­
phides, this paper focuses on the influence of sul­
phur content in the base metal of welded structures 
on the causes for failures in service . 

The aim of this paper is generalization of the 
results of expert evaluations of service failures and 
laboratory investigations related to the influence 
of sulphur on initiation of the tough and lamellar­
tough fractures in welded structures. 

It should be noted that we are dealing not with 
the widely known lamellar process cracks develop­
ing during welding, but with welded structure fai­
lures in service. Let us dwell on some of them in 
more detail. 

Figure 1 shows the schematic of a completely 
fractured ammonia receiver, as well as its frag­
ments. As a result of expert evaluation, it was found 
that the fracture site was in the zone of welding-on 
union Ps of shell 1. Sections with the so-called 
woody fracture were found in the fracture site, this 
being an indication of the lamellar-tough start of 
the tank fracture. Further on, under the impact of 
pneumatic loading, fracture propagated in shell 2 
and was of brittle nature («chevron» pattern). 

Scatter of fracture toughness values of shells 1 
and 2 at above zero temperatures is noted by the 
results of Charpy sample tests. While for shell 1 
h l +20 2 f t ese va ue are KCV = 65- 70 ]/em , or 
h 11 +20 2 s e 2 - KCV =5.0-35.0]/cm. 
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Figure 1. Diagram of a fractured ammonia receiver (a) and 
fracture fragments (b): B - fracture site (arrow shows the 
fracture propagation direction) 

Therefore, low values of impact toughness of 
shell 2 promoted its brittle fracture , despite the 
lamellar-tough start of shell 1 fracture. 

Figure 2, a shows the macrosection of the site 
of fracture of a welded structure, namely a refri­
gerating chamber of process equipment in <<Che-

Figure 2. Lamellar-fatigue fracture of a refrigerating chamber: 
a - fracture site (shown by an arrow) ( 1 - stiffener; 2 -
cylindrical case of a drum); b - ferritic-pearlitic banding of 
base metal (x100) (reduced by 0.60) 
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Figure 4. Fragment of a tank fracture: a - fracture site (A -
side fillet weld); b - fracture site (shown by an arrow) 

Characteristically, the surface of the section is 
3 to S mm deeper than the wall surface and coincides 
with the location of the step on the fatigue fracture, 
this being indicative of an increased tendency to 
metal delamination in this zone. This case of frac­
ture is mentioned in study [ 4] . 

Splitting of a 10 thous. m3 tank occurred at the 
temperature of +4 oc during hydraulic testing after 
13 h after the level of tank filling had reached 
17 .6 m. The fracture site was located in the 6th 
girder at the end of an unremoved side fillet weld 
(Figure 4). A brittle crack propagated to both sides 
for the total length of 375 mm, slowed down and 
further propagated in the tough mode. Presence of 
a comparatively soft raiser, a relatively high tem­
perature at which fracture occurred, small thick­
ness of the wall (7 mm) do not permit this fracture 
to be interpreted in terms of the traditional con­
cepts . 

It is important to emphasize that the charac­
teristic ~step-recess~ in the site of the considered 
fracture suggests that the anisotropy of the me­
chanical properties has by no means the smallest 
role in initiation of this fracture . 

Visual inspection of welded joints and compo­
nents of crane trusses in the Magnitogorsk Metal­
lurgical Works revealed a large number of lamellar 
cracks characteristic for such a type of welded joints 
(Figure S, a). Cracks were mostly found in the 
shop columns made of 16G2AF steel, as well as the 
connections of the footing-crane beam made of 
14G2AF steel. As shown by laboratory investiga­
tions, fractures are related to very low properties 
of ductility (<pz = 6.6 %) and toughness 
(Kvc+20 = 7 - 8 J I cm2) in Z-direction, which 
resulted from a high content of sulphides in the 
base metal (Figure S, b). It should be also noted 
that the cracks propagated under the influence of 
cyclic loads arising from the crane movement. 

All this pertains equally to lamellar fractures 
of the crane beams in the city of Krivoj Rog. 

The critical condition of welded connections of 
off-shore platforms (city of Klaipeda) was related 
to a large number of structural lacks-of-penetration 
which in a number of cases gave rise to cracks 
propagating into the base metal. Laboratory inves­
tigations demonstrated that the base metal (X60, 
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Figure 5. Lamellar fractures of welded components: a - kinds 
of welded components and areas of the most frequent cracks 
( 1 - support assembly of an end beam of a bridge crane; 2 -
locations of abutting of the main and end beams; 3 - places 
of attachment of movement mechanism brackets; 4 - places of 
attachment of posts and braces); b - location of sulphides 
(x100) (reduced by 0.60) 

24 mm thick) has low fracture toughness values 
across the thickness at low temperatures, which 
may lead to development of unstable fractures, es­
pecially under the conditions of low service tem­
peratures . 

It should be noted that in this case, lowering 
of fracture toughness in Z-direction is not related 
to the presence of sulfides, but is the consequence 
of a developed crystallographic texture . This issue 
is discussed in greater detail in [7] . 

Expert analysis of the lamellar-tough crack 
which caused a railway accident in the region of 
the city of Ufa, was performed to derive informa­
tion on the causes for the product pipeline failure. 

Figure 6. Fragment of the site of lamellar-tough fracture of a 
product line 
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Figure 7. Results of impact bend testing of structural steels with different content of sulphur and characteristic fractographic 
features of fractures, depending on the sample position in space and temperature: 2a, ]a - sample location in the plate plane 
and Z-direction, respectively 
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Table 1. Composition of the tested steels, wt .% 

Steel grade, thickness, mm c Si Mn 

09G2S, 0.050 0.670 1.30 
35 

16G2AF (Sh), 0.168 0.407 1.44 
40 

14G2AF, 0.152 0.380 1.25 
35 

14G2AF, 0.200 0.450 1.67 
40 

The crack shown in Figure 6 initiated one year 
before in the section where later on the rupture 
leading to the accident, occurred. The crack was 
located in the end section of the pipe ( 17G1 S steel) 
highly contaminated by textured non-metallic in­
clusions (sulphides). A detailed analysis leads to 
the conclusion that the opening and, accordingly, 
stable propagation of the crack occurred during 
welding of a circumferential butt joint and sub­
sequent service . 

One of the principal and the most dangerous 
kinds of fracture of process equipment of petro­
chemical productions, is the lamellar-hydrogen 
cracking, and for furnaces an intensive layer-by­
layer corrosion the appearance of which is related 
to the presence of sulphides in the base metal. 

The hazard of this kind of fracture consists in 
weakening of the thickness of the net section of the 
structure, which , ultimately (considering the high 
rates of the base metal saturation with hydrogen) 
may lead to its local or total failure . Some aspects of 
this kind of fracture were discussed in [S]. 

In view of the limited scope of this paper, quite 
a large number of service failures related in some 
way to the anisotropy of the roll ed metal mechani­
cal properties did not get our attention. A large 
scope of laboratory investigations of structural 
steels and their welded joints with different 
physico-mechanical properties , namely St.3, 
09G2S, 09G2SSh, 14G2AF, 14G2AFSh, 16G2AF, 

Table 2. Mechanical properties of the tested steels 

Tensile testing 
Steel grade, Sample 

thickness, nun location o, 
rJ.Pa 

Gt, 
MPa % 

14G2AF, Standard 51.50 61.59 29.65 
35 location 

Z-direction 41.26 58.25 87.00 

16G2AF (Sh), Standard 43 .55 58.05 25.30 
40 location 

Z-direction 40.94 56.78 26 .40 

09G2S, Standard 40.50 49.36 31.75 
35 location 

Z-direction 34.90 47.63 27.45 

14G2AF, Standard 40.10 57.76 33.70 
40 location 

Z-direction 38.80 53 .56 15.30 
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Cr Ni v Cu p s 

0.10 0.02 0.02 0.05 0.017 0.045 

0.05 0.05 0.08 0.05 0.013 0.009 

0.05 0.05 0.07 0.05 0.012 0.012 

0.17 0.09 0.16 0.02 0.030 0.036 

16G2AFSh, 10KhSND, 12KhGDAF, 17GS, 
17G1S, X60, X70, has been conducted, in order to 
determine the regularities of initi ation of the tough, 
lamellar-tough and, later on, lamellar-hydrogen 
fractures. The content of sulphur varied between 
0.001 (for X70 steel of controlled rolling, 24 mm 
thick) and 0.061% (for 16G2AF stee140 mm thick, 
with nitride strengthening). The derived results 
were the basis for GOST 28870-90. 

In order to determine the characteristics of duc­
tility and toughness of the studied steel grades, 
testing of standard and non-standard (including 
full-scale) sampl es was conducted in a broad range 
of temperatures ( +SOO to -196 •C) and different 
positions in space [4, 6, 8]. 

Study l4] and Figure 7 give the results of impact 
bend testing of low-carbon steel grades with dif­
ferent structural texture and the most characteristic 
fractographic features of the tough , brittle , lamel­
lar-tough and lamellar-brittle fractures. 

The composition and mechanical properties are 
given in Tables 1, 2. Appropri ate graphical depen­
dencies were plotted by the results of the conducted 
tests (Figure 8) for comparison of sulphur content 
in th e metal and ductility and fracture toughness 
characteristics. For the impact bend tests, the value 
of critical crack opening displacement Oc is plotted 
on the abscissas axis. 

Calculation of value Oc for each specific case 
was performed by the following formula: 

Impact bend testing, j j cm2, at T, 
s 
% 

·c 8,, 
nnn 

ljf, - 70 - 40 0 +20 % 

65.7 253 370 783 806 0.060 0.012 

12.9 65 145 275 305 0.020 

69.6 180 476 1033 1643 0.147 0.009 

42 .4 60 210 530 1020 0.090 

76 .3 545 725 1740 1340 0.240 0.045 

32.0 85 120 275 280 0.020 

70.2 343 540 946 1420 0.125 0.036 

48.2 106 220 320 680 0.065 
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Figure 8. Dependence of reduction in area ql (a, b) and critical 
crack opening displacement oc (c, d) on sulphur percentage in 
the metal : 1 - low-alloyed hot-rolled steels; 2 - hot-rolled 
steels with a fixed temperature of the end of rolling; 3 - steels 
of controlled rolling; 4 - fracture of petrochemical equipment; 
5 - fracture of welded structures 

<Jyi <Jt +20 ' 
KCV K = 0.75 1 + 0.33 <Jti<Jy oc = K '"'y 

where cry is the teld point; <Jt is the ultimate 
strength; Kcv+2 is the impact toughness of 
Charpy samples at Ttest = +20 OC; K is the propor­
tionality factor. 

Note that only the results derived in tough and 
lamellar-tough fracture of samples, were taken into 
account. 

It should be borne in mind that the structural 
steel crack res istance depends on a whole range of 
characteristics. So, for steels of controlled rolling 
(X60, X70, etc .) the low values of fracture tough­
ness across the thickness are related to the deve­
loped crystallographic texture [6, 9]. 

When the derived dependencies are considered, 
one can see regularities which, in our opinion, arc 
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of certain engineering interest in terms of selection 
of steels for service under the conditions of possible 
development of lamellar fracture . 

First of all, it should be noted that in tensile 
testing of samples located in the plate plane, prac­
tically no lowering of the ductility characteristics 
is found with the increase of the amount of sulphur 
(Figure 8, a). When Z-samples (GOST 28870- 90) 
are subjected to tensile testing, an abrupt lowering 
of the ductility characteristics occurs at S > 
> 0.012 % (Figure 8, b) . 

When samples located in the rolling plane (Fi­
gure 8, c) are tested by impact bending, as well as 
in keeping with GOST 28870-90 (Figure 8, e, sam­
ples are located in Z-direction), lowering of frac­
ture toughness values proceeds at S > 0.010 %. In 
the first case we are dealing with tough, and in the 
second case with lamellar-tough fracture. 

Figure 8, d gives the resu lts of impact bend 
testing of samples with a notch located on the plate 
surface (2b) . 

Despite the fact that the number of structural 
steels tested in such a manner, is relatively small , 
in this case also a certain tendency to lowering of 
the toughness values is observed at sulphur content 
s > 0.010 %. 

At that time, the results of these tests were the 
basis for TU 14-1-4329-87, <<Rolled stock of plate 
steel of 09G2SD and 12KhGDAF grades for welded 
metal structures of off-shore platforms~> specifying 
the content of sulphur in the metal experiencing 
stresses across the thickness in service (Z-steels). 
Sulphur content in steels of this class should not 
exceed 0.010- 0.015 %. The cases of lamellar frac­
tures of welded structures mentioned above, are 
marked in Figures 8, a- e, as an illustration. 

In keeping with the current standards for struc­
tural steels most often used in welded structures, 
the sulphur content in the metal is limited and is 
equal to 0.035 - 0.040 %. As is seen from Figure 8, 
such a condition is insufficient for resistance to 
lamellar fracture, and steels with sulphur content 
above 0.012 % can be regarded as susceptible to 
lamellar cracking under certain conditions of ser­
vice. 

This statement can be true in some degree, for 
steels exposed to aggressive media containing hy­
drogen sulphide and prone to lamellar-hydrogen 
cracking. 

Figure 8 c, e gives the results of testing steels 
with lamellar-hydrogen damage, namely mi­
crocracks, cracks and <(blowholes~>. 

Despite the acceptability of the derived results 
in terms of the concepts being developed (sulphur 
content in the tested steels being 0.018, 0.029, 
0.033, i.e. S > 0.012 %), one should admit that 
the steels susceptibility to lamellar-hydrogen 
cracking depending on sulphur content in the me­
tal, has not yet been sufficiently well studied. 
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CONCLUSIONS 

Analyzing the results of investigations of structural 
steels with different content of sulphur, it can be 
stated that the values of ductility in Z-direction 
and of toughness in the plate plane and across the 
thickness, essentially depend on sulphur content 
in percent in the base metal. 

From this view point, it appears rational to 
select steels with sulphur contentS < 0.012 % for 
the welded structures whose working sections can 
experience stresses across the thickness. 
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HYGIENIC EVALUATION OF PROCESS OF ARC 
METALLIZING WITH FLUX-CORED WIRE OF 

Fe-B-er-Ni ALLOYING SYSTEM 

G.A. KIRIL YUK and O.G. LEVCHENKO 
The E.O . Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

ABS1RACT 

Quantitative characteristics of aerosols evolution in flux-cored wire arc metallizing of alloyed alloys are determined 
and recommendations are given on protection of workers and environment. 

Key words: flux-cored wire, metallizing, hygiene, ven­
tilation, air. 

Electric arc flux-cored wire metallizing makes it 
possible to produce the alloyed wear-resistant coat­
ings and it is characterized by a comparatively high 
efficiency. However, when using this method the 
losses in electrode material are comparatively high 
and can amount to 30 % [ 1 - 4]. The stream of a 
welding aerosol is formed when the air flow at 30-
60 m3 / h consumption comes in contact with an 
electrode metal [2]. Main alloying elements are 
most often the following: carbon, chrome, nickel, 
manganese, molybdenum, aluminium , which, in 
welding aerosol composition , may be hazardous for 
the personnel and environment. 

The present work is aimed at the determination 
of the level of evolutions and chemical composition 
of a hard constituent of the welding aerosol 
(HCW A) and at issue of recommendations for im­
proving the labour conditions and environment pro­
tection. 

The procedure of investigation is as follows. 
Metallizing was performed with experimental flux­
cored wires (Table 1) in the OB-1286 installation, 
whose chamber and feeding mechanisms were 
equipped additionally with a head for an arc flux­
cored wire metallizing. The chamber can remove 

Table 1. Composition of experimental flux-cored wires, % 
Wire components No . I No. 2 No. 3 

Sheath, steel 08 rimmed 75.0 75.0 75.0 

Ferrochrome, FKh650 12.0 4.0 6.0 

Chromium, Kh98.5 5.0 

Nickel, PNE 3 .0 3.0 

Molybdenum, MPCh 2.0 2.0 2.0 

Aluminium, PA-1 4.0 4.0 4.0 

Master alloy, FKhB-1 10.0 

Iron , PZh-1 4.0 10.0 
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air with aerosol with a rate of 10 - 15 rn/ s that 
occurs before the feed ing of a working gas at pres­
sure of 0.5 - 0.6 MPa. The conditions are as fol­
lows: current 200 - 250 A. arc Yoltage 20 - 23 V. 

The total volume of HC\\'A. determined as a dif­
ference in masses of a consumed wire and materials 
in the form of a precipitation in the chamber and on 
a filter of a suction system, was expressed by two 
characteristics: intensitv of HC\\'A formation and a 
specific evolution. Samples of HC\\'A were selected 
with the help of filters FPP-15. set in an exhausting 
channel. Chemical analysis of samples was made us­
ing a generally-accepted procedure [3 ]. 

It was established that HC\YA contains corn­
pounds of hexavalent and tri,·alent chromium, 
nickel, manganese , iron and others (Table 2). 

The substances of the first class : hexavalent 
chromium and nickel are most hazardous for the 
health of the personnel [.i]. ~1anganese which is 
introduced in this experiment from the wire sheath 
belongs to the second class of hazard, whi le triva­
lent chromium and iron belong to the third class. 

The intensity of HC\L-\ ;ormation was 12 .1 -
15.5 g/min (Table 3). and the specific evolu­
tions - 90.7 - 116.3 g ' kg oi '"ire . that is by one 
order higher than in arc ;lu.x-cored wire welding 
[5]. The lowest HC\\-.-\ eYolution was observed 
when the nickel-free t1m:-cored "·ire was used for 
metallizing (the mass of eYoh:tions of H CW A was 

Table 2. Mass share of HC'\-_-\ CO:::?«E!EU.S during flux-cored 
wire metallizing , % 

Component ~'·-D .\'o. 2 N o.3 

Hexavalent chromium 0.3: 0.05 0. 19 

Trivalent chromium ~ s.: .uo 2.30 

Nickel .., - ~ 2.30 

Manganese _3: G.90 1.90 

Iron 5. s::' -2.:0 63 .50 

Other components -,: _ 35 5~.65 29.82 
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Table 3. Intensity of formation (Ve) and specific evolution (Ge) of HCWA 

No.1 No.2 No.3 
Component 

V,, g/ min G,, g/ kg V, , g/ min G,, g/ l<g V,, gj min G,, g/kg 

HCWA 15.50 116.30 12.10 90.70 14.30 1io.so 
Including: 

hexavalent chromium 0.05 0.37 0.01 0.05 0.026 0.20 

trivalent chromium 0.30 2.91 0.52 3.90 0.33 2.54 

nickel 0.42 3.14 0.30 2.50 

manganese 0.20 1.51 0.11 0.82 0.27 2.10 

iron 8.03 60.24 5.09 38.18 9.08 70.17 

other components 6.50 18.13 6.37 47 .85 4.26 32.95 

Table 4. Required air exchange of ventilation (Q) and content of harmful substances (C) in the working zone air 

Component, LAC 
Q, m3j kg C, mgj m3 

Hexavalent chromium, 0.01 37000 None 

Trivalent chromium, 1.00 2900 0.73 

Nickel, 0. OS 63000 0.05 

Manganese, 0.20 7500 0.08 

Total air exchange 63000 

12.1 g/ min) . Here, the evolutions of a hexavalent 
chromium were lower , while those of a trivalent 
chromium were higher. The presence of nickel 
(powder) in other wires contributes , evidently, to 
the formation of a hexavalent chromium, i.e. degree 
of its oxidation is increased . 

The degree of toxicity of aerosols is charac­
terized to a certain extent by an amount of air, 
required for the dilution of the harmful substance 
to a limiting admissible concentration (LAC). 
When wire No. 2 is used for the metallization the 
required air exchange should be 13 times less than 
that for the wire No. 1, which contains chromium. 

The amount of harmful elements in air of the 
working zone was evaluated under the industrial 
conditions during restoration using the flux-cored 
wire metallization in the installation UD-209 
equipped with a special ventilation box. The data 
of measurements (Table 4) did not exceed the ad­
missible values. 

The design of ventilation and protection systems 
in the arc metalli zing is mainly based on the fact 
that HCWA is concentrated mainly in a high-speed 
air stream of a definite direction, therefore the best 
results were obtained using housing for trapping 
the direct and reflected HCW A-containing air 
streams. The contaminated air was purified usually 
by using separators with water, cyclones and other 
systems for the dust trapping [6]. 

Thus, the installations for metallizing should 
be equipped with an effective local ventilation [7], 
and a production room with a general exchanged 
ventilation [6] designed for a partial removing the 
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Q, m3j hg C, mgj m3 Q, m3j kg C, mgj m3 

4500 None 20000 None 

3900 0.30 2500 0.30 

None 50000 0.04 

4000 0.04 10000 0.04 

4500 50000 

aerosols entered from the metallizing installations. 
If the ventilation cannot decrease the content of 
harmful elements in air of the working zone to 
LAC, then it is necessary to use the means of an 
individual protection of the respiratory organs [7]. 

CONCLUSIONS 

1. Hygienic characteristic of air of the working 
zone during the arc flux-cored wire metallizing is 
determined by the HCWA composition and the 
efficiency of the exchange ventilation. 

2. Air contamination with a metallic dust and 
HCW A is relatively high that causes the installa­
tion equipping with a system for its purification. 
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