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Abstract 
The growing recirculation of steel scrap 
coming mainly from the collection of 
obsolete products may result in a 
substantial increase of residual elements 
in steel, which is often considered as a 
problem. However, residual elements in 
scrap are used as effective micro 
alloying elements if the appropriate 
production is used. 
The current restrictions on levels of 
residual elements have often been set 
from a cautious viewpoint. With a 
deeper understanding of the dynamics 
behind the interactions of different 
elements, it is reasonable to believe that 
the level of residual elements can be 
increased in some high quality steel 
products. 
 
This study is aimed to give an overview 
of the situation and state of the art 
concerning residual elements in low 
alloy low carbon steels, their effect on 
processing and final properties of the 
steels and the way they are used today. 
 
An overview of the possible effects of 
residuals elements on down-stream 
process and end properties of steels, 
classified by their nature in the steel, is 
proposed through a summarising figure. 
 
The most remarkable trend in the 
literature is the dominance of Cu in the 
elements studied: most of the studies 
are concerned by the influence of 
copper, alone or in combination with 
other elements. 
 
 
 
 
 
 
 
 
 

 
 
The effect of residual elements is 
presented in respect to their effect on: 
Hot working: mainly hot-shortness 
problem related to Cu are studied, but 
even grain boundary segregation mainly 
of Sn. 
Cold working: study of elongation and 
drawability. Residual elements mainly 
contribute to harden the matrix (Ni, Cr, 
Cu, Mo, Sn and As). Copper was shown 
in some cases to have positive effects 
on formability when processing and 
heat-treating the material properly. 
Hardenability: most residual elements 
increase the hardenability by slowing 
down the ferrite and pearlite reactions.  
End properties: most residual elements 
increase the strength and decrease the 
ductility, which is mainly due to solid 
solution hardening and also to 
precipitation.  
Grain boundary embrittlement, is due to 
the segregation of elements at the grain 
boundaries during cooling, coiling and 
final annealing (mostly Sn, Sb, As, P). 
Welding: most of the residual elements 
contribute to the hardenability in the 
HAZ in a more or less negative way. 
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1. Introduction 
 
The aim of this literature survey, together with feedback from the Swedish steel industry, is 
to give a basis for further investigations about residual elements in steel. 
It is aimed to give an overview of the situation and state of the art concerning residual 
elements in steels, their effect on processing and final properties of the steels and the way 
they are used today. Focus is put on low alloy low carbon steels. Stainless steels are not 
considered. 
 
 
 

2. Searching motor 
 
Search was done using mainly CSA Metadex database, and even Weldresearch, IIW, and 
CORDIS (database about EU projects). 
Search criteria shown in Table 1 have been used. 
 
Table 1 Search criteria used. The red crosses indicate the search combinations that were studied.  
 The red lines show the combination for which no reference was found.  

 Residual 
elements 

Tramp 
elements 

Copper Nickel Tin Vanadium Manganese

Corrosion X X      
Formability X X X  X ------ ------ 
Hardenability X X X  X X X 
Strength X X 1990->     
Ductility X X ------  X X X 
steel X X      
Weldability X X X X X   
Machinability X X X X X   
 
 
 

3. Recycling of steel – general facts 
 
Steel is one of the more recycled materials. Iron and steel industry in Sweden is in a great 
extent based on scrap use. [1] The growing recirculation of scrap coming mainly from the 
collection of obsolete products may result in a substantial increase of tramp elements in 
steel. [2]. 
Scrap is not a waste material but a valuable raw material with a high energy content. Every 
ton of recycled steel scrap saves 1134 kg iron ore, 635 kg coal and 54 kg lime. The 
production of new steel from scrap in EAF (electric arc furnace) consumes about half of 
the energy necessary for producing steel from iron ore. Production of steel from scrap 
compared to the production based on reduction of iron ore with coke reduces the emission 
of CO2 and other harmfull gases and consumes less water too. Scrap purification has also 
economical aspects regarding the value of residual elements in steel. 
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Long products are manufactures usually with EAF route, while BOF (basic oxygen 
furnace) plants mainly produce flat products. Steel scrap makes for almost 100% of the 
iron-bearing charge in EAF steelmaking, while basic oxygen furnaces can process only up 
to 20% scrap. Europe and North America are increasing the skare of EAC steelmaking at 
the expense of integrated steel production and the trend appears to be long term. The 
driving forces for this change are strong: availability of scrap, social pressure to recycle 
materials and economic benefits to be reaped from the small structure associated with this 
short and slim production route. [3] 
 
According to [4], the residual elements problem do not surface as long as steel scrap is 
used for making shapes, bars and other steel products that have lenient residual elements 
restrictions. Such a situation has been maintained until the obsolete accounted for 30% or 
less of all ferrous raw materials. 
In Japan the generation of obsolete is predicted to exceed 40% of total steel production in 
2010. In that case the steel scrap generation will surpass the demand unless steel scrap is 
used to make steel products other than shapes and bars, for example sheets. Composition of 
various steel grades available on the Japanese market is given in Table 2. 
 
Table 2 Examples of composition of various grades of scrap on Japanese market. 

 
 
 
The most spread way of thinking is that the problem to be solved is the economic removal 
treatment of residual tramp elements in the steelmaking process. [5] 
Copper and tin are the residual elements that adversely affect the hot workability of steel. 
According to some authors, in order to prevent the occurrence and accumulation of 
unrecyclable scrap, new technologies ensuring removal ratios of 55% for copper and 30% 
for tin have to be developed by 2010. [6] 
 
Steel scrap is divided into home scrap, process scrap and obsolete scrap. 
Since home and prompt scrap quantities are limited, an increase in scrap demand obviously 
leads to the following dilema. On one hand, the EAF intends to conquer new, higher 
quality steel markets, but on the other hand, it has to rely more on obsolete scrap, the 
quality of which decreases. [7] 
In 1996, of a new Scrap Grading System (SGS) based on a clear description of scrap 
quality was introduced in Europe (Table 3). Quality has 2 components: scrap purity 
expressed in terms of metal (or iron) content and of level in tramp elements and scrap size 
and density [ 8]. This grading system is referred to in the Swedish system, where the scrap 
is even divided in different classes depending on the shape, size, state and origin (see 
reference [9]). 
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Table 3 European scrap grading system. 

 
 
 
 

4. Residual elements 
 
An element can be regarded either as an alloying element or as a tramp element depending 
on its content in steel and on the steel grade being produced. 
Residual elements in steel are usually defined as those elements left in the steel after 
refining which are not specifically required and in many cases are considered harmful to 
the product properties when present in a too high concentration. The most important 
residual elements are: Cu, Sn, Zn, Pb, Bi, Sb, As, Ni, Cr, Mo and V. [10] 
There are 3 main mode of existence of residual elements in scrap: in pure state, as coating 
material and as alloying additions.[6] 

Some metallurgical phenomena related to an increase in the level of tramp elements are 
clearly unfavorable, but some may be beneficial, depending on the final application of the 
product.[3] 
 
In the following chapters, the modes of existence and effects of residual elements on 
processing and final properties of steels are treated, in a general matter and also through 
some more specified relevant case studies. 
Tables in chapter 7 are summarising the results presented in some general studies on the 
influence of residual elements. 
 

4.1 Sources of residual elements 
 
Reference [6] lists sources of the main tramp elements in steel scrap: 
The main sources of Cu are discarded passenger cars, structural steel with up to 0.5%Cu 
(mild resistance to corrosion and precipitation hardening), sheet. 
The main sources of Sn are post-consumer tinplate packaging and solders. 
The main sources of Zn is protective coating. 
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The main sources of Pb (decreasing) are free-machining steels, solders and pigment in 
some paints. 
Cr, Ni, Mo and V are used as alloying elements in numerous steel grades. Ni is moreover 
used as a constituant of the ZnNi coating of galvanised steel sheets. 
 
This list is completed by Table 4, where the source of residual elements not usually 
monitored in steel making is given. 
Table 4 Sources of tramp elements not usually monitored in steel making [57] 

 
 
Table 5 presents a summary of the main categories of market scrap and their typical 
contents of residuals. Car shredded and heavy scrap contains an average of 0.25% of 
copper.  
 
Table 5  Main categories of market scrap with typical content of residual elements [8] 
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4.2 Residual elements in steel making 
 
Figure 1 shows the different possible ways of production of steel from ore or scrap. The 
most usual way to process scrap is by melting in electric arc furnace (EAF). Scrap is also 
added into steel produced from ore in the oxygen furnace. 
Long products are manufactures usually with EAF route, while BOF (basic oxygen 
furnace) plants mainly produce flat products. 
Steel scrap makes for almost 100% of the iron-bearing charge in EAF steelmaking, while 
basic oxygen furnaces can process only up to 20% scrap. 
 

 
Figure 1 Iron and steel making processes [11]. The red marks show the most common way of 
 processing scrap. It should be noted that recycled material containing large amounts of  
 residuals are even often used in foundry to produce low-value cast iron products. 
 
During melting operation, the different residual elements show different behaviours. Some 
mostly remain in molten steel while others mostly go to the slag or to gases. Figure 2 
shows for the main residual elements a summary of these behaviours, which are related to 
the oxidation and reduction reactions of each element and to their physical state, see Figure 
3. Note that Figure 2 could be completed by adding Hg to the elements moving to gases. 
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Elements remaining in the molten steel bath are the one, which are most relevant to study 
when considering effects of residuals on steels products and down stream process. 
 

 
Figure 2 Some residual elements present in commercial grades and general behaviour under  
 meltdown conditions in EAF operation [11]. 

 
 

 
 
Figure 3 Physical states of some residual elements [11]. 
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4.3 Removing of residual elements 
 
Removing of residual elements is a broadly studied field, which is treated in many articles. 
As it is not the topic of this review, only some references are named here. 
All of the various methods for the removal of residual elements from liquid steel or solid 
scrap are more or less costly and time-consuming steps in the production chain from scrap 
to steel. Different techniques of removal of residual elements are reviewed in reference 
[10] 

Article [4] deals about how to remove the residuals elements copper and tin from steel 
scrap and change them into such form that they are stable and exert no adverse effect on 
the environment and presents the results of common work of two research groups in Japan. 
A number of technologies for removal of Cu are named in article [12] and a new way is 
proposed based on: 
• oxidation of solid ferrous scrap in air or other oxidizing environments 
• followed by fluxing of the copper oxide in the oxidized solid scrap by using molten 

slag at temperatures below steel scrap melting point. 
The available thermodynamic data of the tramp elements in molten steel are summarized in 
reference [5]. The possibility of the removal of tramp elements from molten steel by using 
calcium-metal halide fluxes is thermodynamically estimated. The calcium-metal 
halidefluxes have an excellent refining ability. 
Finally, Table 6 lists possible methods used to sort steel scrap and eventually to remove 
residual elements. 
 
Table 6 Possible removal methods of residual elements [11] 
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4.4 Different modes of existence of residual elements 
 
Reference [6] makes a distinction between residual elements, having an influence on the 
processing conditions and on the final mechanical properties of steel products, because of 
their presence in solid solution (mainly Mo, Cr, Ni, Cu) and because of their segregation at 
interfaces (mainly Cu, Sn, As, Sb).  This is reviewed in this chapter. 
 
 
Residual elements in solid solution 
All metallic residual elements increase the strength/hardness and the hardenability of 
carbon and low alloy steels to different degrees when present in solid solution. hardness is 
related to the increase of strength when residuals are present in solid solution in the ferrite 
matrix while hardenability is related to the ability of the material to get hardened structures 
(bainite, martensite) when temperature treated. 
The increase of hardeness is coupled with a general decrease in ductility. Toughness is 
little affected by Cr, Mo, Ni and Cu in solid solution excepted Ni which have a beneficial 
effect on the transition temperature of low-carbon ferritic steels. 
As named, all metallic residual elements increase the hardenability of carbon and low alloy 
steels to different degrees when present in solid solution. Cr and Mo are the most efficient 
in this respect, Ni and Cu less. The effect of Cr is ambivalent and depends on the C 
concentration and its partioning between ferrite and carbides. 
Residuals can also modify the microstructure of different phases. For eutectoid steels, Cr 
and Mo reduce the lamellar spacing of perlite. Cu reduces the degree of regularity of 
perlite and Ni has the opposite effect. 
 
 
Precipitation 
Residual elements can also precipitate and form inclusions in the steel matrix, alone or in 
combination with carbon (carbides), sulfur (sulfides) or N (nitrides). V, Nb, Ti, Zr, W, Mo, 
Cr and Mn are typical carbides builders and Mn and Ti are typical sulfide builders. The 
amount, distribution and size of the inclusions depends on the composition of the steel and 
on the treatment during down-stream process. Inclusions, if fine, mostly increase the 
hardness and strength of low alloyed steels. However, large inclusions can results in a 
more brittle material, and cause problems during production and final use. 
Ti for example is used both as a dispersion hardener through the forming of titanium 
carbide particles, and as a sulphur binder to form hard sulphides and thereby improving 
cold working abilities. Titanium can also form precipitates that can act as nucleation sites 
for grains, contributing to a finer grain size. 
Cu may precipitate at relatively high concentrations (>0,5%) during ageing treatment in the 
form of ε-Cu and thus impart a large increase in hardness. This effect is used in several 
steel grades (low alloyed steels used in the offshore, high resistance martensitic stainless 
steels). Increase of hardness depends on the Cu concentration in the steel, its degree of 
supersaturation and the time and temperature of ageing and of the preliminary structure of 
the steel. 
 
 
Intergranular segregation 
Residual elements may segregate to the grain boundary during cooling and coiling in the 
strip mill, or during final annealing after cold rolling. An important related aspect is the 
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ability of the elements to reduce grain boundary cohesion, which makes fracture more 
likely. Of particular interest for interface segregation are solid solutions atoms with an 
atom size larger than the iron atoms. residuals elements such as Sn, Sb and As, are of 
prime importance, see Figure 4. Tin is reported to segregate to grain boundaries of thin 
steel sheet and P, Sb and Sn are reported to segregate in high strength C-Mn steels and 
provoque temper embrittlement. 
The lower the carbon content of the steel, the greater the segregation of residual elements 
on grain boundaries. Ni, Mn and Cr enhance the segregation of residuals while Mo, Ti and 
rare earth can combat it. 
 
 

 
Figure 4 Relative grain boundary for different elements in iron at a given level of segregation. The  
 more positive the ordinate value the more the element improves the grain-boundary  
 cohesion and vice versa. (a) theoretical predictions. (b) experimental measurements. 
 
Surface segregation 
Surface hot-shortness is the result of the presence of liquid Cu at the scale-metal interface 
and the application of mechanical or thermo-mechanical stress. At high temperature the 
non-oxidized copper is progressively rejected at the scale-metal interface. Under oxidizing 
conditions and at concentrations of Cu no higher than 0,2%, the solubility limit of Cu in 
the austenite can be easily reached and Cu precipitates in liquid form, creating a liquid 
phase in the grain boundaries. The cracking severity is increased by the presence of other 
residuals elements such as Sn and Sb which lower the solubility of Cu as well as the 
melting temperature of the Cu-rich phase. 
Nickel produces the reverse effect and is considered as the principal remedy against 
surface hot-shortness. Different studies present different values for the effect of Cu/Ni. 
The addition of Si and Ni has some drawbacks, more adherent scale due to the presence of 
metallic Ni-rich phases which are mechanically anchored to the metal surface and create 
surface defects and increase wear of the process tools. 
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Segregation of Cu at the surface can however present certain advantage, which are useful 
in weathering steels [3] 
 
The different nature of residual elements and their possible effects are summarised in 
Figure 5. This is developed in more details in following chapters. 
 
 

Effect of the different residual elements
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+ corrosion res
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Cr, Mo
Ni, Cu
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+ Strength

- Ductility

- stretch formability

+ Hardenability

+ Hot def resistance
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Sb, As
Bi, B
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Cu
Pb

- Hot ductility
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- weldability

Precipitation

+ Strength 

± Hardenability

± deep drawability
 (r-value)

- weldability

Elements

Mainly
impact on

Possible
effects

Hot rolling

Cold rolling

Annealing

Final product properties

Hot rolling

Annealing

hardening

Final product properties

Hot rolling

Cold rolling

(Final product properties)

continuous casting

Hot rolling

Pickling

(Final product properties)

Mainly positive properties Mainly negative properties

Nature of the
restelements
in materials

Cu
Ni
Nb
Ti, V
Mn,Cr
W
S, N
B

 
Figure 5 Overview of the nature of residual elements in steels and of their possible effects on 
 down-stream process and end properties. 
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5. Influence of residual elements on down – 
stream process and end -properties 

 
As a general statement, it is generally accepted that residual elements have a more 
pronounced effect on down-stream process and final properties for all applications that 
require low carbon clean steels than for the medium and high alloyed steels. (Extra low 
carbon ELC, low carbon LC and ultra low carbon ULC-IF). 
The different steps of the down-stream processing, such as hot rolling, cold rolling, 
drawing, annealing, hardening, welding, and the final properties of the material are 
considered in this chapter. Tables summarizing the effects of residual elements given in 
literature are then presented in chapter 7. 
 

5.1 Hot working 
 
The general effect of residual elements in steel, in relation to the hot-working properties, 
has mostly been made in relation to copper. In reference [13] for example, it is stated that 
Cu is of main concern since, as a rule, if copper specifications are met the specifications 
for Sn, As and Sb are also met. This is because copper has been found to be the critical 
element in causing problems during hot-working (mainly hot-shortness) and has therefore 
been more extensively researched. In several cases however, it has been noted that copper 
have beneficial effects on the end products in regards to a finer grain structure and 
increased yield strengths. Consequently, this chapter is mostly discussing the influence of 
copper. 
 
The influence of cooling rates and copper content on the microstructure of low carbon steel 
is shown in  
Figure 6. The microstructure after hot-working has a direct effect on the mechanical 
properties of the steel and its behaviour during cold working. 
 

 
 
Figure 6 Differences in microstructure depending on cooling rate and copper content. The sample  
 were solution treated at 1523 K for one hour and were either furnace cooled (F.C.), air  
 cooled (A.C.) or water quenched (W.Q.) [14]. 
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Only few studies show the effect of residual elements independently of copper. In 
reference [7], small additions of Sn, Mo, As and Cr were reported to modify the resistance 
to deformation during hot rolling of low carbon steels and ELC. Sn and Mo have the larger 
effect, while Cr and As show smaller effects (see Figure 7). The increase of the rolling 
force is to be related with a higher flow stress coupled with a retardation of the austenite 
recrystallisation. Therefore variations in residuals contents will do higher rolling loads and 
hence higher mill power consumption necessary, induce problems for the setup of the 
mills, and will contribute to a scatter of the steel properties 
 

 

 
 
Figure 7 Influence of residual elements on the resistance to deformation and recrystallisation  
 during  hot rolling. 
15 
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5.1.1 Surface defects, hot-shortness 
 
Effect of copper – hot-shortness 
It is considered that copper is the key element related to surface defects of steel. The 
preferential oxidation of iron on the surface causes enrichment of Cu and then formed 
liquid Cu penetrates into the austenite grain boundaries to tear the grains, leading to a loss 
of ductility in the temperature range 1050-1200 [16]. This can occur for copper contents 
over 0.1 – 0.2 % and is called for hot-shortness. [17].  
Due to preferential oxidation of Fe at the surface, Cu is enriched in the grain boundaries 
creating a liquid phase. The enriched phase becomes liquid over 1090 oC. The liquid can 
then infiltrate the austenite grain boundaries (Figure 8) causing severe cracking (Figure 9). 
The solubility of copper in iron increases significantly with temperature increasing the 
dispersion of copper into the grains. At 1193o C the solubility of copper in austenite is 
reported to be about 10 w% and about 0.1 w% at 521o C [18]. Although increasing the 
temperature will also increase the rate of oxidation of the surface. The forming of the 
copper rich phase occurs mainly in the struggle of two competing forces: copper 
enrichment in the grain boundaries due to preferential oxidation of iron at the surface, and 
dispersion of copper in to the grains through diffusion [19]. As the temperature increases 
the dispersion of copper becomes dominant, at longer oxidation times a steady state is 
reached and the enrichment and dispersion rates of copper along the grain boundaries 
becomes constant. It has been found that there is a critical temperature where maximum 
cracking occurs that is dependent on copper content. However at temperatures above 1200o 
C up to 1300o C there was a marked reduction in surface cracking at Cu levels up to 0.39 
w% [15] to the point where no cracking could be found. These results are consistent with 
observations of Cu-enrichment in metal/oxide interface of plain carbon steels. 
 
It has also been found that there is a critical heating temperature where maximum cracking 
occurs that is directly related to copper content [15] ( Figure 10 ). 
 
 

 
Figure 8 Cracks following austenite grain boundaries that has been infiltrated by liquid copper in a  
 2.5 w% Cu steel. 
 



 

 20

 
Figure 9 The effect of copper content on the average crack size in the hot ductility tests at varying  
 oxidation times in air. 
 
 

 
Figure 10 Crack index measurement for steels containing different levels of copper illustrating  
 maximum cracking at a critical temperature. All samples were heated and oxidized for  
 10 min and deformed, cracking was then quantified by average crack surface area. 
 
 
Different hot working steps – copper influence 
A broad study of steel processing when Cu and Sn is added is presented in reference [3] 
This study is interesting to refer to more in details as it reviews in detail the different step 
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of hot-working. It concludes that the complete production process from the steel shop to 
the wire drawing bench can accept levels as high as 0,8% Cu and 0.05% Sn. The different 
metallurgical phenomena related to residual elements seem to vary linearly with the 
increase in their contents. No discontinuity has been observed for copper levels between 
0,15 and 0,8%. For low-carbon steels, the small effects for copper concentrations up to 
0.35% can easily be compensated by minor process changes. Control of the re-heating 
process (atmosphere, T, t) offers way of reducing the intergranular brittleness induced by 
copper segregation. 
The following observations were done for the different processing operations. 
The cracks induced in engineering steels during continuous casting were intergranular in 
nature whose number increased with Cu content. The maximal crack depth was in the 
order of one γ grain. The cracks were preferentially located in the areas under mechanical 
stress, i.e. pinch roll or withdrawal roll. In the case where Ni was intentionally introduced, 
in the amount corresponding approximately to the Cu content, the billet had no cracks. 
The most damaging conditions with respect to the surface product quality arise when 
secondary cooling induces a long hold time at 1100°C. 
It is possible to suppress surface cracking by strong cooling after mould extraction. The 
process has two effects: avoids long holding time of the surface at 1100°C (ideal 
temperature for Cu segregation at scale-metal interface) and allows formation of a new 
finer and more equiaxed γ grain 
The reheating furnace introduces two self-opposing characteristics where their relative 
importance depends on the mode of use. The furnace enables to some extent the 
rectification of pre-existing defects in the bloom, by consuming metal in primary 
oxidation. A long hold time is thus useful in reducing the number of cracks. Prolonged 
hold time can also give rise to a new array of low depth intergranular defects, which 
appears only in high Cu steels. This can be attributed to an enrichement in Cu of the scale-
metal interface and possibly of the garin boundaries in the reheating furnace. The grain 
boundaries become sensitized and brittle and oxidize during the first passage through the 
rollers. This is function of the Cu content and process and can be adjusted so that it do not 
present an obstacle for processing. 
The increase in oxidation rate with increasing tramp elements content has the advantageous 
effect of removing a thicker layer of the outer cracked metal. Higher heating temperatures, 
longer heating times or more oxidized furnace atmospheres also favour metal consumption. 
Removal of the cracks by this means however, induces new accumulation of Cu at the 
scale-metal interface. 
Studies on wire rod in low carbon produced by hot rolling, consisting in mechanical 
studies, defect analysis and pickling resistance, were done. 
Relative insensitiveness of the hot rolling process on the quality surface of billets was 
observed. New defects are created at the beginning of hot rolling, but their depth is limited 
to an acceptable range for copper contents up to 0,35%. Concerning the mechanical 
characteristics of wire rod, Cu affect tensile properties through solid solution 
strengthtening but the effect is small. 0.1wt% Cu increases the strength by some 8 Mpa. 
The increase in strength is accompanied by a small decrease in ductility: elongation is 
reduced by 0,3% with an addition of 0.1%wt Cu.  
Chemical pickling and mechanical descaling was not affectde by the copper content of the 
wire rod. 
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Effect of the other residuals on copper hot-shortness 
Other residual elements modify the effect of Cu on hot-shortness in a complex way. 
Several studies are defining a Cu equivalent that could have the form Cu + aSn + bSb – Ni, 
where a and b are constants ranking respectively from 5 to 10 and 8 to 10, according to 
different authors. 
In reference [20], a similar equation was derived describing the hot shorteness tendency as 
a function of steel composition. 
 
Cu equ = %Cu + 1/n [ 0.4 (5Mn+%Cr) + 8 (%Sn+%Sb) + 2%As - %Ni] ≤ A 
 
Where n is the number of elements in the equation and A is a value depending on 
experimental and production parameters and on the type of steel. 
Reference [21] investigated the effect of alloying elements on the solubility of Cu in solid 
Fe. An addition of Co, Ni and Al results in an increase of the solubility of Cu, while that of 
V, Cr, Mn, Si and Sn decreases the solubility. Increasing the solubility of Cu may decrease 
hot-shortness as less copper should build a liquid film at the surface. 
 
As seen in the equation above, the elements, which have stronger influence on Cu hot-
shortness, and thus which are most extensively reviewed in literature, are Sn and Ni. 
Tin in combination with Copper is highly detrimental for the susceptibility to hot-shortness 
in the steel. Tin lowers the melting point of the copper phase and decreases the solubility 
of copper in iron causing further enrichment [22]. However in low copper steels tin by 
itself does not seem to affect surface hot shortness and no significant enrichment seems to 
occur. 
On the other side, Ni increases the solubility of Cu in iron lessening the susceptibility to 
hot-shortness. Ni affects the solubility of Cu in austenite and raises the melting point of the 
copper enriched phase. Adding 0.5 w% Ni to a low-carbon steel containing 0,5% Cu 
decreases the susceptibility to hot shortness. Moreover, in combination with an addition of 
0.4 w% Si, only 0.26 w% Ni is needed to reach the same reduction of hot-shortness as if 
only 0.5 w% Ni is added. [22] 
 
The effect of these three key-elements, Cu, Ni and Sn, on the hot-workability of mild steels 
was investigated and illustrated in papers [23] and [24] A hot rolling condition was 
simulated by oxidizing followed by tensile-deforming and the hot workability was assessed 
by measuring the number of surface cracks. The phases formed at the steel/scale interface 
were analysed and modelled, which is presented in Figure 11. 
Sn as low as 0.04%increased the number of cracks in an 0.3% Cu bearing steel. Sn 
decrease the solubility limit for Cu in Fe, thus increasing the amount of liquid Cu enriched 
alloy and enhancing the surface cracking by Cu liquid embrittlement. 
0.3% Ni supressed the cracking in an 0.3%Cu-0.04%Sn bearing steel. The phase 
calculation at an oxidation temperature 1100°C showed that the Cu and Ni enriched layer 
was solid. Therefore, the addition of 0.3%Ni suppressed the surface cracking in the Cu-Sn 
bearing steel. 
For a 0.3%Cu bearing steel, the surface hot cracking occured only at 1100°C oxidation due 
to a liquid Cu enriched phase formed at the scale/steel interface. An addition of 0.15%Ni 
suppressed the surface cracking of 0.3%Cu bearing steel by eliminating all the Cu enriched 
liquid phases. 
 



 

  23

 
Figure 11 Relationship between Cu, Ni and Sn enriched phases and surface cracking 

 

  
Figure 12 Influence of Cu, Ni and Sn on the surface cracking. 

 
 
In reference [25] it was found that in 0.1 w% C steels, boron in amounts about 7 ppm 
seems to reduce the susceptibility to hot-shortness by altering the ability of the Cu phase to 
wet the surface of the austenite grain boundaries. One theory is that boron segregates to the 
grain boundaries and influences the surface boundary energy in the steel. However, to 
control the alloying to such an exact degree may be difficult.  
 
The effects of Si and P on surface hot shortness due to Cu in low carbon steels are 
examined in reference [26] using a method based on tensile tests. 
At 1100°C, single additions of 0.4%Si and 0.02%P were effective to decrease 
susceptibility to surface hot shortness, although these increased the oxidation rate. Duplex 
addition of 0.4%Si and 0.02%P decreased the oxidation rate and exhibited substantial 
effect on a decrease in the susceptibility. Addition of Si decreased the amount of Cu-
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enriched phase at steel/scale interface, which may be due to internal oxidation of Si. The 
forming of a molten phase of iron and silicon oxide in the scale can work favourably to 
occlude any liquid copper into the scale, not allowing it to penetrate the steel is also 
suggested.  Si also contributes to a decrease in the growth rate of the crack created by the 
penetration. 
Addition of P seems to increase slightly the amount of Cu-enriched phase. 
A critical stress exists to fracture the specimens by Cu-enriched liquid phase. The additions 
of Si and P increase this critical stress. 
The influence of silicon on the evaporation rate of copper has also been studied 27. The 
affinity of silicon to iron in the melt affects the activity of copper in the bath. The 
evaporation of copper from the bath was found to be promoted by the decarbonization of 
the melt that caused turbulence in the gas/metal interface. 
 
 
Avoiding hot-shortness 
In order to avoid surface hot shorteness, the experimental critical levels tolerated in steels 
have to be adapted according to the process conditions. Thus, the most common way to 
avoid the problem is to dilute the contaminated steels by virgin iron sources, but it is 
costly. 
 
Reference [17] propose two solutions to avoid hot shortness, based on that it is due to the 
fact that the preferential oxidation of iron on the surface causes enrichment of Cu and then 
formed liquid Cu penetrates into the austenite grain boundaries to tear the grains. 
The first solution is to avoid oxidation and mechanical stress at the temperature around 
1150°C. The second is to enhance the heterogeneous nucleation of liquid Cu at MnS 
precipitates inside the austenite grains. The behaviour of the heterogeneous nucleation of 
ultra-fine Cu precipitates using Fe-10mass% Cu alloys with or without MnS are compared. 
The Cu precipitates are classified into 3 types: 
• Liquid Cu at the garin boundariesw 
• Globular Cu particles nucleated at MnS or inclusions 
• ε-Cu of the FCC structure in the size 20-200nm which may be effective for physical 

properties. 
According to the authors, once the hot-shortness problem is solved, Cu or Sn may be 
utilized as effective micro-alloy elements. 
 
Finally, reference [28] presents a review of russian studies on the effect of copper on 
structural steel and the problem of hot-shortness. Suppression of hot shorteness is achieved 
by introducing elements lessening the copper rich-phase and raising its melting point. 
Another direction is to change the heating and deformation temperature interval to 
decrease the oxidyzing power of the gas atmosphere and to shorten holding of the metal at 
high temperatures. Studies on different grades of structural steels showed that the 
allowable copper content in structural steels may be increased to 0,5%. 
 
 
 
[29]. 
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5.1.2 Grain boundary segregation 
 
Low hot ductility in the temperature range 600-950°C met in some low carbon and low 
alloys steels is an industrial problem. Sn and also Cu are, even in that case, the critical 
elements. 
The effect of Sn on the hot ductility of has been studied (continuous-casting thermal 
simulating tests). The hot ductility of a low carbon steel (0.15%) decreases with increasing 
Sn content and there is a trough in the RA-temperature curve, which is situated at 750°C 
(Figure 13 A). Non-equilibrium grain-boundary segregation of Sn produced during cooling 
is primarily responsible for the decrease in the hot ductility of the steel doped with Sn. 
There is a critical cooling rate for the tin segregation being between 5 and 20K/s at which 
the maximum segregation of Sn would be obtained (Figure 13 B).[30] 
 

A  B  
Figure 13  A) Hot ductility curves for a cooling rate of 10K/s. B) Effect of the cooling rate on the 
 hot ductility of steel B. Steel A and B are low-carbon steels, steel B contains 0.061% Sn  
 whereas steel B contains less than 0,005% Sn. 
 
In reference [31], the influence of Cu and Sn on the hot ductility at the strain rate of 10-3 
for steels with C contents from 0.002 to 0.15%w was investigated. The hot ductility 
dropped at austenite + ferrite two phase region just below A3, namely 800 to 900°C. The 
hot ductility deteriorated more at higher C content, and furthermore with the co-addition of 
Cu and/or Sn. It was considered that the deterioration at austenite + ferrite two phase 
region in the Cu, Sn bearing steel was caused by the combined effect of following factors: 

 The formation of proeutectoid ferrite along the austenite grain boundaries. 
 The segregation of Sn at the interface between proeutectoid ferrite and austenite or at 

the austenite grain boundaries. 
 The increase in the difference of the deformation strength between austenite and 

proeutectoid ferrite. 
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5.1.3 Direct Strip Casting 
 
Direct near-net shape casting is an attractive process for the production of sheet metal. 
Post-treatment (heating/rolling) is omitted and faster solidification rates may produce new 
microstructures. This process may have some advantages as one of the future approaches 
for the efficient utilisation of steel scraps because it considers the detrimental effect caused 
by the impurities in scraps, mostly hot-shortness caused by copper. Thus, a higher content 
of tramp elements (Cu, Sn) is tolerable without quality loss (surface cracking). Moreover, 
it has economical advantages.  
A detailed description of the DSC (Direct Strip Casting) process, technical features, 
solutions, advantages and possibilities is given in reference [32], from which the 
schematical representations of a DSC pilot plant shown in Figure 14 are reproduced. 
 

A   

B   
Figure 14 (A) DSC pilot plant. (B) Comparison of traditional and DSC casting plants. 
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Direct Strip Casting (DSC) is a method that combines short oxidation times with rapid 
cooling and direct rolling. This means that there is very little oxidation of the surface 
compared to conventional hot-rolling. Avoiding oxidation also means that there is less 
material loss and the enrichment of copper in the surface is avoided. From a ladle the melt 
is fed on to a water cooled conveyor belt. The sides are contained by water cooled copper 
blocks that move along with the melt in a block-chain [20]. The Ar/CO2 protective gas is 
used as a rake to ensure a uniform distribution of the melt across the casting belt. The rapid 
cooling from the combination of the conveyor, acting as a continuous casting form, and the 
Ar/CO2 gas rake makes it possible to produce steel grades previously considered to be 
infeasible. This method is currently only developed for flat products and has been tested 
for a width of 300 mm of the cast strip. 
 
In order to investigate this method, difference in mechanical properties between direct cast 
and annealed strips of steel with high Cu, P and S contents were investigated in reference 

[33]. It was observed that the process produce fine microstructure and nano-scale copper 
sulfides. As cast and annealed have higher balance of strength and work hardening ability 
compared to strips without impurities. 
As-cast strip has higher yield and tensile strength and maintains high work hardening 
ability at higher stress levels than that of the annealed strip. The nano-scale copper sulfide 
particles in the as-cast strip contributed most to the increase in yield strength. 
It is finally believed that further improvements in strength and work hardening ability can 
be attained by controlling the particles size and the volume fraction in the strip. 
 
A study was carried out at KIMAB and reported in reference [34] to ascertain how the 
situation could be improved when using strip casting in conjunction with direct hot rolling. 
This has included steels having copper contents up to 2.5% and in some cases also tin 
levels up to 0.1%. Laboratory simulations have been carried out to simulate the process 
conditions from the outlet of the strip caster through hot rolling, and the resulting materials 
have been examined with regard to their hot cracking behaviour and microstructural 
condition. Mechanical properties have also been measured on samples having different 
simulated coiling temperatures following hot deformation. 
Susceptibility to hot cracking depends on the copper content of the steel and also on the 
process conditions of time, temperature and oxygen potential that apply after the strip exits 
the caster. Intermediate temperatures in the range 1100 - 1200°C are most dangerous and 
process windows for avoiding hot shortness can be defined on the basis of the present 
results, see Figure 15. In general, it should be possible to process steel containing much 
higher copper levels by strip casting than in current commercial production. 
Copper-rich liquid films that penetrate the austenite grain boundaries are responsible for 
the loss of hot ductility in the steel surface. The presence of tin as an additional impurity to 
copper has not been found to be deleterious under the present conditions. 
Conditions can be established to avoid hot shortness even in steel containing high copper 
contents, due to the short time that is available for oxidation  
With sufficiently high contents of copper (above approximately 1%) precipitation occurs in 
ferrite leading to significant increase in strength in the final product and some reduction in 
total elongation. This strengthening, which is greatest when the steel is coiled at low 
temperatures in the vicinity of 450°C, could be well utilised in recycled steel manufactured 
from severely contaminated scrap. The refinement of the microstructure by precipitation of 
small copper particles ( 
Figure 17) contributes to the hardening and strength by lowering the mean free path of 
dislocation travel. 
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Depending on the steel composition and coiling temperature it is possible to achieve very 
significant strengthening due to precipitation of copper-rich particles, see Figure 16.  
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Figure 15 Compression temperature vs. time in air before hot deformation. The lines indicate  
 when the cracks exceed 0.3 mm for the different steels 
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Figure 16 Yield strength vs. coiling temperature for steels with different copper contents 
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Figure 17 TEM picture of a 1.53 w% Cu alloyed steel after simulated hot rolling and coiling at  
 873 K . The dark spots are precipitates of ε-Cu 8-16 nm in size. 
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5.2 Cold working, Hardenability and end properties 
 
Strength and final mechanical properties are often in close relation and inversely 
proportional with elongation and forming properties. Annealing and hardening is usually 
performed after cold-rolling. Residual elements affect in a complex way these different 
operations and parameters. 
Which properties are desired and which amount of residual elements may be allowed 
depends on the type of steel, the production way and the aimed final use. A number of 
reported effects and limitations for residual elements with respect to cold working and 
hardenability, and effect on final strength, are given here. 
 
 
5.2.1 Cold working 
 
The material properties desired to favour cold working operations are often good 
elongation and drawability. The drawability of the material is quantified by the so-called r-
value. The r-value is the quota between the contraction of the material in the width 
direction and the contraction of the material in the thickness direction. 
In general, the harder the material the more likely it is to exhibit brittle behaviour while 
deformed, which is negative for cold working. Residual elements are mainly reported to 
contribute to hardening in some degree. 
 
For materials intended for deep drawing or good formability, such as press sheets for car 
bodies etc, a low yield strength and long elongation are desirable. Thus, as reported in [16],  
Ni, Cr, Cu and Mo, which increase the resistance of cold rolled and annealed sheets, could 
become a problem for the production of soft drawable steel grades 
Even reference [2] note that, for cold-rolled and annealed sheets, all residual elements, at 
the exception of Nb and Ti, adversely affect the crystallografic textures and partially the r-
value (Lankford coefficient).  Sn and As are the more detrimental in this respect (a 
significant effect is observed for a Sn content of 0.3%, see  
Figure 19 A). 
 

A   B  
 
Figure 18 A)Effects of Sn and As on the recrystallization delay in a continuous annealing process  
 on cold rolled ELC steel grades (0.02% C, 0.2% Mn, 0.05% Al, cold rolling 75%,  
 continuous annealing, soaking for 1 minute). B) Effect of Cr, Ni and Mo on the  
 drawability properties of 0.03% C steels (annealing temperature 680°C) 
 



 

  31

Sn, As, Cu, Ni, Cr and Mo have adverse effets on drawability, decreasing the r value and, 
to some extent, the ductility of ULC-IF and ELC grades (see  
Figure 18 B). [2]. 
Sn and As also have adverse effects on recristallization kinetics during the continuous 
annealing of cold rolled ELC steel grades (see  
Figure 18 A). The temperature for full recrystallisation increases, which implies that 
process conditions have to adapted to raise the annealing temperature. [16] 
 
The tensile properties however were only little affected for residual elements up to 0.03%. 
However, a marked increase in tensile and yield stress was observed for concentrations of 
0.08%. See  
Figure 19 for the effect of Sn and As.[2]. 
According to reference [3], Cu, Ni, Cr and Sn decrease grain size and increase solid 
solution hardening of thin steel sheet (IF Ti), thus decreasing anisotropy factor r and 
elongation (see  
Figure 19 B). 
 

A)     B)  
 
Figure 19 A) Impact of residual elements on the mechanical properties of annealed cold-rolled  
 sheets (BA = batch annealing, CA = continuous annealing).                            
 B) relationship between atomic % and mechanical properties of Cu, Ni, Cr and  
 Sn-containing titanium bearing extra low-carbon steel sheets. 
 
In a study presented in reference [35 ], Cu and P bearing high strength cold rolled steel 
sheets with superior drawability have been developed. Cu and P contents are 0.6% and 
0.08% respectively.  The tensile strength of these steels are 500-550Mpa and the r-values 
are as high as 1.5-1.7. The excellent r-values are obtained by precipitation treatment of 
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650°C x 10h before cold rolling. Cu precipitates occured during heat treatment. Si and Mn 
strenghtened bearing steels are investigated. High Si steels have better elongation than high 
Mn steels. As to the r-value however, the latter are superior. In order to obtain excellent r-
value, high reduction in cold rolling and slow heating in annealing are required in addition 
to the precipitation treatment before cold rolling (see Figure 20). 
 

 
Figure 20 Effect of copper contents on r value 

 
The cold-workability of low alloyed C-steels (XC10, XC42, 20M5) was studied in [39], 
and it was concluded that only Sn for concentrations higher than 0.04% and P for 
concentrations higher than 0.05% affect sensibly the ductility. 
 
The effects of Cu (0.5%), Sn (0.12%) and Sb (0.11%) on tensile ductility and cold 
forgeability of a 0.5%C steel are investigated in  [36]. The microstructures were not 
affected by the addition of Cu, Sn and Sb less than the contents given above. Similarly, 
these elements had no harmful effect on tensile properties and cold forgeability of the 
steels. The tempering at 500°C after quenching did not deteriorate cold forgeability of 
steels containing up to 0.1% Sb, and did not reveal an intergranular fracture on a cracked 
surface after upsetting test. Thus the authors state that cold forgeability of 0.5% C steel is 
mainly dominated by the existence of inclusions rather than by adding an impurity element 
of 0.5% Cu, 0.1% Sn or 0.1% Sb. 
 
In a study made at KIMAB on the effects of copper on the properties of annealed thin sheet 
products, it was found that a moderate amount of copper in the material seemed to 
eliminate the Lüders elongation. This was only seen in material that had been batch 
annealed ( 
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Figure 21 A). This effect was not seen in the continuously annealed specimen with the 
same copper content ( 
Figure 21 B). The elimination of the Lüders elongation is of interest for press sheets and 
steels that are intended for deep drawing and cold forming. 
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Figure 21 Stress-strain curve for a batch annealed steel, containing 0.25 w% Cu, showing no  
 Lüders elongation. b) Stress-strain curve of same material as in a) but continuously  
 annealed and showing a clear Lüders elongation. 
 
Finally, almost no articles were found on the effect of residuals on machining of low 
alloyed steels. The effect of sulphur on machining, reported in [37], is mainly due to the 
formation of sulphides with other elements such as Mn. MnS can act as a nucleation site 
for microcracks, which raises stress in the material and further shear instability. 
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5.2.2 Hardenability 
 
Reference [38] gives a summary of the most important variables, which influence 
hardenability, which are austenite grain size and composition, the second being discussed 
in this chapter. 
Carbon has a marked influence on hardenability, but its use at higher levels is limited, 
because of the lack of toughness which results, the greater difficulties in fabrication and, 
most important, increased probability of distortion and cracking during heat treatment and 
welding. 
Likewise, most metallic alloying elements slow down the ferrite and pearlite reactions, and 
so also increase hardenability. Exceptions are Co, because it increases the rate of 
nucleation and growth of pearlite, Ti because it reacts with C to form TiC and S because of 
MnS. 
The most economical way of increasing the hardenability of plain carbon steel is to 
increase the manganese content, from 0.60 wt% to 1.40 wt%, giving a substantial 
improvement in hardenability. Chromium and molybdenum are also very effective, and 
amongst the cheaper alloying additions per unit of increased hardenabilily. Boron has a 
particularly large effect when it’s added to fully deoxidized low carbon steel, even in 
concentrations of the order of 0.001%, and would be more widely used if its distribution in 
steel could be more easily controlled.  
 
The effect of the main residual elements (Cu, Cr, Ni, Mo, P, Si, Sn) on the hardenability of 
low alloyed C-steels (XC10, XC42, 20M5) is also given in reference  [39]. The effect on 
hardenability was ranked as follows: P>Mo>Cr>Si>Ni/Cu. The effect of Ni and Cu is 
neglectible under 0.3%. From that, it was assessed that elements coming from scrap (Cr, 
Si, Mo) allow enonomy of adding elements such as Cr, often necessary to increase 
hardenability of carbon steel produced from ore. 
 
According to reference [28], copper somewhat increases the allotropic and martensite 
transformation temperatures, the increase of temperature being proportional to its content. 
As an element weakly stabilizing austenite, copper impedes the decomposition of austenite 
and thereby increases the hardenablility of steel.  
 
In reference [40], the derivation of carbon equivalents to assess hardenability of steel has 
been examined. This equivalent was derived from the incubation time before the 
transformation to ferrite, pearlite or bainite, which is illustrated in Figure 22 and is given in 
the equation below (note that the 1,8 is written 1·8 and so on): 
 

 
 
It was compared with experimental results from other studies, which is shown in Table 7: 
The comparison reveals that the calculated coefficients for silicon, manganese, copper and 
nickel in the carbon equivalent equation are in good agreement with the experiments, 
whereas the agreement for the molybdenum and chromium coefficients is poor. 
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Figure 22 Critical cooling curves for ferrite, pearlite and bainite transformations on CCT diagram. 

 
Table 7 Summary of coefficients for alloying elements in carbon equivalent equation.  
 (Note that the 1,8 is written 1·8 and so on). 
 

 
 
 
In reference [41], the influence of copper on quenching of high strength low alloy steels 
with 1.6% Cu, which composition is given in Table 8, is discussed.  
Table 8 Composition of the steel studied in reference [41]. 

 
 
An austenitizing temperature of 900°C was used, which allows to have all Cu in solution. 
On quenching from this temperature, a supersaturated solid solution was obtained with all 
of the Cu in solid solution in martensite. Cu slightly lowers the allotropic and Ms 
(martensitic start) temperatures, the extent being proportional to the Cu content. In 
addition, other solute elements present in the steel (especially Ni) are also considered to be 
austenite stabilizing elements. Therefore the decomposition of the austenite in such a steel 
is delayed. Because of the very low carbon content of this steel, only highly dislocated lath 
martensite structure was observed. Further discussion on the effect of Cu on properties 
from this reference is given in the next chapter. 
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Reference [42] is dealing with shipbuilding high-strength steels, which should provide high 
strength, ductility, and toughness in combination with a high resistance to brittle fracture 
and a good weldability. It is stated that when the carbon content is diminished in order to 
improve weldability, complex alloying becomes very important for the provision of 
hardenability, elimination of the formation of ferrite-pearlite structures, hardening and 
elevation of the resistance to brittle fracture. The complex effect of alloying elements in 
low-carbon heat-treatable Cr – Ni – Cu – Mo steel on the phase transformations that occur 
in quenching and tempering was studied. Results as well as the corresponding 
compositions are shown in Figure 23.  
 

 
 

 
Figure 23 Thermokinetic diagrams of low-carbon Cr-Ni-Cu-Mo steels with various contents of C  
 and Cr. HV1-4 given in figures a and b correspond to the compositions of heat 1-4. 
 
Quenching causes the formation of a composite martensitic - bainitic structure with 
predominant lath martensite, lower bainite, and bainite without visible carbide phase 
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segregations. 0.4% of Mo added suppresses the segregation of ferrite. Cr between 0.7-1.1% 
decreases the critical cooling rate in the intermediate range; in combination with 3% Ni 
and 0.3-0.5% Mo, it provides the formation of a martensitic – bainitic structure.  
By reducing the concentration of C to 0.07%, Cr to 0.4% and Ni to 2%, baintic structures 
will be formed. These structures posses an elevated resistance to tempering as compared to 
steels quenched for martensite, are characterized by a high level of strength and posses a 
quite high resistance to brittle fracture. This makes it possible to have a high-strength Cr – 
Ni – Cu - Mo steel bearing 0.06-0.07%C with a bainitic structure that provides an excellent 
weldability without heating at a yield strength of up to 700 Mpa. 
 
 
Finally, the 2 following studies present some more fundamental research on the effects of 
Cu addition on the structure and transformation of steel, for isothermal transformation and 
during cooling, which is even relevant considering hardenability. 
In reference [43], the effects of Cu addition on the isothermal transformation behaviour 
and the transformed structure have been investigated in Fe-1.48Mn-0.48Si-0.15C-(0, 
1.51)Cu % wt steels. The transformation behaviour, was shown to be retarded by the 
addition of Cu in the temperature range of 873 to 973K. The isothermally transformed 
structure at 903K is mainly acicular ferrite in 0 Cu steel, but is equiaxed ferrite with lots of 
subgrains in 1.5% Cu steel. Both the nucleation rate and growth rate of ferrite are 
decreased by the addition of Cu and this is considered to be caused by the reduction in 
austenite grain boundary energy due to segregation of Cu and the solute drag effect by Cu. 
 
In article [44], Fe-(0.5-4)w %Cu alloys were cooled from γ field under various cooling 
conditions and phase transformation mechanisms were investigated. 
In all of the cooling conditions, hardness of the alloys becomes higher with increasing Cu 
content. Effect of cooling conditions on hardness tends to be significant in alloys with Cu 
more than 1 wt %. Strength of alloys depends not only on a difference of matrix, 
martensite or ferrite, but also on dispersion of ε-Cu particles. In the case of air cooling for 
a Fe-4mass%Cu alloy, the alloy undergoes preferentially γ−>α massive transformation and 
then ε-Cu particles precipitates finely within the massive ferrite matrix. This leads to a 
large strengthening with a moderate ductility. Strength of Cu bearing steels can easily be 
controlled by varying cooling condition after a solution-treatment: steels are soft enough to 
be deformed and machined after furnace cooling, but strengthened after resolution-
treatment followed by air-cooling. 
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5.2.3 End-properties 
 
Tensile properties, strength 
 
In reference [6], which reviews the influence of residual elements on mechanical properties 
of low-carbon steels, it is observed that all residual elements increase strength and decrease 
ductility and drawing properties. These effects are more pronounced for low carbon clean 
steels (low-carbon, extra low carbon and ULC-IF steel grades) than for medium and high 
carbon steel grades. 
For cold rolled and annealed sheet, the major part of the product mix is low carbon or ULC 
steel. These steel grades are very sensitive to the content of residual elements. Sn, Cu, Ni 
and Cr increases the tensile strength of ULC-Ti steel grades and decrease their ductility 
(elongation). Sn, As, Cu, Ni and Mo decrease ductility of ULC-IF and ELC. 
 
Thereafter are presented results of studies about mechanical properties on specific types of 
LC steels. 
 
The effects of some residual elements on the properties of low carbon steel sheets 
containing titanium are reported in reference [45]. Copper specifically lowers the 
elongation of the material and increases the yield strength (Figure 24 A) while contributing 
to a refinement of the microstructure Tin increases the tensile strength of and lowers 
elongation and r-value (Figure 24 B). A refinement of the grain size was observed with 
increasing tin content. The change in tensile strength was reported to be approximately 45 
MPa / 0.1 w% tin. Tin has a larger difference in atomic radius versus iron compared to 
copper, nickel and chromium. This causes tin to have a larger effect in both solid solution 
and as a precipitate. 
The influence of nickel is at about the same magnitude as copper with respect to tensile 
strength increase. Only minor influences on elongation and r-value were observed at 
varying nickel content and at different heating temperatures, though the small changes is 
likely closer related to the low carbon content in combination with the presence of 
titanium. In total the influence of nickel contents up to 0.12 w% have little effects on the 
mechanical properties of low-carbon titanium containing steel sheet. 
 
The effect of residuals on tensile properties and microstructure of low-carbon (0.04%) and 
medium carbon (0.2%) steel grades was studied in [46]. An increase in tensile strength and 
a slight decrease in ductility (combination of solid solution hardening and grain 
refinement) was observed for both types of steel The high tensile strength of steel 
containing more Mn and Si is thought to be mainly associated with increased pearlite 
content. For low carbon steels, the ferrite grain-size decreases from 24 to 18,5 µm for 
0.04%Sn. But further addition (0.08%Sn and 0.05%P) and addition of 1.2%Mn and 0.3% 
Si only slightly decrease ferrite grain-size. For medium C steels (with 1.2%Mn and 0.3% 
Si), the ferrite grain-size decreases from 14 to 10µm for residuals increasing (0.08%Sn, 
0.4%Cu, 0.4%Ni). 
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A              B  
 
Figure 24 A)  Mechanical properties as a function of copper content in titanium-bearing extralow- 
 carbon steel sheets.  B) Influence of tin on mechanical properties in titanium-bearing  
 extralow-carbon steel sheets. 
 
The properties of steels with additions of Cu (0.5%), Cr (0.4%) and Ni (0.4%) to the basic 
composition of 0.2C-1.5Mn-1.5Si were investigated in reference. [47] for high strength 
hot-rolled plates and [48] for TRIP-aided cold-rolled sheets. 
The microstructures and mechanical properties of high strength hot-rolled steel plates were 
investigated in reference [47] for different coiling temperatures. 

 When coiling temperature (CT) is low (around MS point), the fraction of retained 
austenite is low. Steel with additions of Cr (alone or with Ni) have % of retained 
austenite above 10%, but show the characteristics of dual phase steels, whereas when 
Cr is not added a discontinual yielded is observed. 

 At CT = 450°C, retained austenite increase. Compared with CT400, tensile strength 
increase or maintains at the same level and elongation improves to greatly enhance the 
strength-elongation balance. 

 When Cr is added as a tramp element, it works favorably for the formation of retained 
austenite at low CT. However, because of the increased hardenability of austenite and 
the formation of a large amount of martensite, cooling rate after hot rolling or coiling 
should be set low. 

 As an austenite-stabilizing element, Ni works favorably for the formation of retained 
austenite, and increases the fraction of retained austenite at high CT, thereby improving 
both tensile strength and elongation. 
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TRIP-aided cold-rolled sheets, intercritically annealed at 780-790°C and isothermally 
treated at 430°C were investigated in [48]. The formability (measured with limiting dome 
height test) as well as the tensile properties of the Cu and Ni-containing cold-rolled steel 
sheets was greatly improved as the strain-induced transformation of retained austenite was 
actively sustained up to the high strain region, because of high volume fraction and 
stability of retained austenite. The cold-rolled steel sheets with Cr added alone or in 
combination with Ni showed a dual phase structure, together with low-volume fraction and 
stability of retained austenite resulting from a large amount of transformed martensite. 
These results indicate that when elements such as Cu, Ni, Cr are positively used, low-
carbon TRIP-aided cold-rolled steel sheets having mechanical properties suitable for 
various application purposes and excellent formability may be achieved. 
 
An ULC steel alloyed with Ni, Mn, Mo and Cu and microalloyed with Mb and Ti was 
subjected to a three-stage controlled rolling operation followed by water quenching in 
reference [49], and the effect of thermomechanical processing on the microstructure, 
mechanical properties, and age-hardening behavior of the steel was evaluated. 
The high-strength values obtained are due to the fine-lath martensite structure along with 
tiny precipitated of microalloying carbide and carbonitride of Ti and Nb at all finish rolling 
temperatures. The increased strength value at the lower final rolling temperature (FRT) is 
due to the finer lath width and packet size of martensite. The large TiN and the coarse 
martensite-austenite constituents impaired the impact-toughness value of the steel at 
subambiant temperature. At low ageing temperatures, coherent Cu particles form and a 
peak strength is obtained due to the formation of fine ε-Cu precipitates. On increasing 
ageing temperature, the Cu particle size increase, decreasing dislocation density in the 
matrix resulting in a decrease in strength, see Figure 25. 
 
 

 
Figure 25 Variation in mechanical properties of the TMCP steels at different FRT. (a) Hardness,  
 UTS and YS. (b) pct elongation and % reduction in area. (c) Impact toughness values at  
 room temperature and at -40°C. 
 
Reference [28] presents a review of Russian studies on the effect of copper on structural 
steels. Precipitation hardening processes are observed in copper-containing structural steels 
which are caused by a change of it’s solubility in ferrite depending on temperature: up to 
400-600°C the solubility of copper does not change and is 0,2 – 0,4%, the hardening 
process is noted at 0,5% Cu and more. Weak matrix solid-solution hardening of ferrite is 
noted in copper-containing steels: each 0,1% Cu increases the yield strength by 3,5 Mpa, 
whereas due to precipitation hardening – by 24,8 Mpa. The maximum effect is achieved 
during tempering at 500°C for 4 hours: the hardness HB increases from 145 to 245 in steel 
with 0.19% C and 1.07% Cu. 
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Reference [41] presents high strength low alloy (HSLA-100) steels with copper additions, 
which were developed in order to reduce production costs while simultaneously improving 
the quality of structural steels. The composition of this steel is given in Table 8 (see 
previous chapter) The role of copper in contributing to the developments in microstructure 
and mechanical properties of this steel is summarized as follows: 
1. Cu, when in solution in austenite at 900°C, will act to lower the transformation 

temperature (Ms or Bs) upon quenching. This will lead to an overall increase in 
strength at all ageing conditions. 

2. Cu, when in the form of precipitates, will contribute to the overall strength by 
precipitation hardening when aged near 450°C. 

3. Cu, when in the form of precipitates, will act to retard the recovery and recristallization 
of the as-quenched matrix. This will also lead to higher strength levels at all ageing 
conditions. 

4. As the ageing temperatures increases, the amount of Cu in the austenite also increases. 
This acts to lower the Ac1 and leads to the formation of new austenite at lower ageing 
temperatures.  

The retardation of recovery and recrystallization together with the low temperature 
formation of stable austenite combine to give the aged structure an excellent combination 
of strength and low temperature toughness. 
 
Grain boundary embrittlement 
Residual elements can induce embrittlement due to garin boundary segregation [16]. 
Residuals may segregate to the grain boundary during cooling and coiling in the hot strip 
mill, or during final annealing after cold rolling. An important related aspect is the ability 
of the elements to reduce grain boundary cohesion, which makes fracture more likely. It 
was calculated [50] that the grain boundary cohesion in ferrite is reduced in proportion to 
the excess size of the segregated atoms (see Figure 26 B). Cold embrittlement in steels 
occurs at the so called transition temperature (TT), at which deformation mode changes 
from dislocation displacement to grain boundary decohesion. This prevails at lower 
temperatures. Residuals such as Sn, Sb, As and P increase the TT, whereas Be, C and B 
decrease it. 
 

A     B  
Figure 26 Influence of Sn on the toughness of hot-rolled strips (A). Relation between atom size of  
 residual elements and embrittlement (B). 
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Sn, Sb, As, Cu, F, P, S, An, Zn, Pb and Bi tend to segregate at surfaces, which reduces the 
grain cohesion and causes grain boundary embrittlement in steel when they are present in 
sufficient high concentrations.([7] and [6]) 
 
According to reference [16], the thoughness of hot rolled strips is drastically reduced by P 
due to grain boundary segregation during slow cooling after transformation (medium C 
steels and vacuum degased IF steels). No remarkable effect caused by Sn, As and Sb were 
detected in medium C steels. This may be due to the protection by soluble C diffusing to 
grain boundaries. However, Sn drastically reduces the toughness of hot rolled ULC-IF steel 
grades (see Figure 26 A). In that case, all C atoms are tied up by Ti or Nb additions. 
 
 
Corrosion 
The segregation of copper to the surface is often considered as a problem due to hot-
shortness. It can however present advantages for corrosion resistance, which are useful in 
weathering steels. This range of alloys is designed to corrode uniformly with the re-
precipitation of Cu++ at the surface. Cu also has the property of being electroreducible, 
deposition as Cu0 and forming complexes with iron at the surface of carbon steels which 
prevent further corrosion. In even quite aggressive atmospheres, the beneficial effect of Cu 
(0.2 – 0.4%) is important, see Figure 27. [3]  
 

 
Figure 27 Time/corrosion curves showing relative performance in a semi-industrial environment. 

 
Also according to reference [28], the resistance of steel to atmospheric corrosion increases 
considerably with copper addition. Losses from corrosion of structural steel decrease 
almost twofold with increase of copper content from 0,1 to 0,3%. 
 
 

0.05 
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5.3 Welding 
 
The effects of residual elements on the welding properties of low alloyed steels are widely 
varied. Most residual elements contribute to the hardenability in the HAZ of a welded 
material in a more or less negative way. The weldability of a material, as listed in reference 
[18], can be judged by its properties in relation to: 
1. Hot cracks during solidification. 
2. Lack of fusion, blowholes and spatter. 
3. Cold cracking, hydrogen embrittlement. 
4. Lamellar tearing. 
5. Weldment strength. 
6. HAZ toughness. 
7. Weld metal toughness. 
8. Loss of toughness during stress relief treatment. 
9. Reheat cracking 
10. Weldment fatigue strength. 
11. Preferred corrosion for example due to formation of Chromium carbides in the grain 
boundaries, causing chrome or other carbide formers to be leeched from the grain 
boundaries. 
 
Hot cracking, also called solidification cracking, occurs in the boundary between the weld 
metal and the base material. When the melted material cools down, grains grow from the 
material in towards the thermal centre of the weld. The composition of the material in this 
zone is dependent on both the base- and the weld material, as the part of the base metal is 
melted along with the weld metal. As the melt solidifies segregation and solidification 
shrinking occurs. This can cause low melting phases to be present as the material solidifies, 
which can cause tearing and cracking in the weld. 
In different models developed to calculate the so called ‘carbon equivalent’, used to 
estimate among others the susceptibility to cold cracking, there is a great variation in 
coefficients for a specific element in the different formulae [51], showing that it is difficult 
to estimate the effect of any given element. 
 
The effect of copper on the weldability of steel is quantified through its contribution 
towards the material tendency for hot and cold cracking. Copper has a tendency to cause 
hot cracking. Usually the hot cracks associated with copper are small but can serve as 
initiation points for future cracking and stress corrosion cracking. Hot cracking occurs 
when a critical strain is applied at elevated temperatures. The problem of hot cracking can 
generally be avoided as long as the applied strain at high temperature remains below the 
critical value for the given material. 
 
The solubility of copper in austenite is higher than in ferrite; this causes the matrix to 
become supersaturated with copper as austenite transforms to ferrite during sufficiently 
high cooling rates. If the cooling rate is slow the copper will form precipitates in the bulk 
matrix of the steel. The hardening of the material by dispersed fine grains of precipitated 
copper is one of the reasons for alloying steels with copper. The hardenability of the HAZ 
is inversely related to the weldability: higher hardenability leads to lower weldability. The 
finely dispersed precipitates can also contribute to a refinement of the grain size in the 
HAZ. The refinement of the microstructure contributes to increasing the toughness in the 
weld. It is not only the copper content of the bulk material that has to be considered 
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though, but also the copper content of the welding rod that together with the bulk material 
make up the total copper content in the weld. 
Copper by itself seems to have a limited effect on the weldability of C-Mn steels, but in 
combination with Sn, Sb and As copper has a strongly negative effect. This can partly be 
attributed to the lowered solubility of copper in austenite when the austenite is containing 
Sn, Sb and As. It is suspected, but not extensively researched, that the same problem as 
with hot shortness, i.e. presence of a liquid copper phase, is responsible for the poor 
welding qualities in this case. It has been observed according to [52] that the addition of 
copper, from scrap in steels produced through EAF route, does not seem to have any 
negative effects on either the base material or on the welded metal in the HAZ concerning 
levels up to 1 w% Cu. 
 
The presence of sulphur is known to have adverse effects on cracking in the heat affected 
zone (HAZ) of welded materials. However, when the levels of sulphur are too low, 
problems with hydrogen cracking in C-Mn steels, or improper penetration in specific Cr-
Mo-V steels have been reported [53]. The hardenability of the HAZ is increased with 
lower oxygen lower sulphur steels and it’s considered being the cause of the increased risk 
of hydrogen cracking. Also it can be noted that sulphur act as a surface reactant and 
decreases the rate at which nitrogen is picked up [54]. Therefore higher nitrogen levels can 
be found in low sulphur steels. Sulphur has affinity towards manganese but can form FeS 
in low manganese steels. FeS melts at 988 oC and act much like copper in that it forms a 
film in the grain boundaries. This behaviour cause hot-tearing which is seen during 
solidification of the weld material. The sulphide film causes material separation between 
the grains as they are cooled and undergo solidification strain. 
 
In welded material tin acts together with antimony and arsenic to change the surface 
energy of the grains, since they have a tendency towards grain boundary segregation. Tin 
like boron can affect the wetting angle of a copper liquid and lessen the penetration in to 
the grain boundaries. This decreases the susceptibility to hot-tearing and hot-shortness. But 
in contrast tin also lowers the solubility of copper in austenite and lowers the melting point 
and can thereby be severely detrimental in the case of hot tearing. 
The decrease in sulphur and oxygen contents in steel has not been only beneficial. Boron is 
often present as a residual element in steel but has not existed in an active form in steel that 
was not intentionally alloyed with boron. Previously boron combined with oxygen and 
nitrogen to form an inactive state. In combination with more aluminum and titanium in 
modern steels and lower nitrogen and oxygen contents boron can exist in an active form. 
Even as low levels as 3-5 ppm can have a significant effect on the hardenability of a 
material. In relation to the amount for a given hardening effect, boron has a large effect 
[55]. 
 
Nickel in combination with manganese and chromium act to restrict occurrence of a copper 
liquid by increasing the melting point of the copper phase and increasing solubility of 
copper in the iron matrix. 
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6. Conclusion 
An overview of the possible effects of residuals elements on down-stream process and end 
properties of steels, classified by their nature in the steel, was proposed, see Figure 28. 
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Figure 28 Overview of the nature of residual elements in steels and of their possible effects on  
 down-stream process and end properties. 
 
The effect of residual elements on down-stream process and end properties of low carbon 
low alloyed steels is a wide topic, which is consequently difficult to briefly summarise. 
Some general trends and features could however be found, which are presented here. The 
most remarkable trend is the dominance of Cu in the elements studied: most of the studies 
are concerned by the influence of copper, alone or in combination with other elements. 
 
Hot working 

 Most studies are related to the effect of Cu, which can cause hot-shortness during hot 
working, even for contents as low as 0.1% in some cases. The critical temperature for 
hot shortness is between 1100°C and 1200°C. Modifying the process can allow higher 
Cu contents, at least up to 0.8%. 

 Several studies are concerned by the influence of other elements in combination with 
Cu on hot-shortness, Cu equivalents being presented in some cases. Mainly Sn, but even 
Mn, Cr, As and V are reported to increase hot-shortness whereas mainly Ni, but even 
Co, Al and Si are reported to decrease it. 

 Grain boundary segregation, which is a non-equilibrium segregation at grain 
boundaries of mainly Sn, leads to a low hot ductility in the temperature range 600°C to 
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950°C. Cooling rates between 5 and 20 °C/s were shown to increase risk for grain 
boundary segregation. 

 DSC (direct strip casting) allows higher contents of Cu and Sn in the material without 
hot-shortness problems, by combining short oxidation time with rapid cooling and 
direct rolling. Processing windows to avoid hot-shortness were studied at KIMAB. 

 
Cold working 

 Elongation and drawability are the main properties used to define cold workability. 
Residual elements mainly contribute to harden the matrix, which has a negative effect 
on cold workability. Ni, Cr, Cu, Mo, Sn and As were reported to decrease the ability to 
deep drawing and formability of LC steels whereas Ti and Nb showed the contrary 
effect. 

 Copper was shown in some cases to have positive effects on formability when 
processing and heat-treating the material properly. 

 
 
Hardenability 

 Most residual elements, at the exception of Co, Ti and S, increase the hardenability by 
slowing down the ferrite and pearlite reactions. Mn is reported to be very effective in 
this purpose, as well as Mo, Cr and P, whereas Ni and Cu are less effective. 

 Several studies are concern by copper, which is shown to increase hardenability by 
decreasing the transformation to ferrite. 

 
End properties 

 Most residual elements increase the strength and decrease the ductility, which is mainly 
due to solid solution hardening and also to precipitation. 

 Copper lead to a weak solid solution hardening. However, a high strength was obtained 
due to the fine dispersion of ε-Cu particles after ageing at low temperatures (450°C to 
500°C). 

 Cu, Cr and Ni in low C – TRIP aided cold rolled sheets were reported to increase 
tensile strength and elongation by increasing the content of retained austenite. 

 Reduction of the grain boundary cohesion, so called grain boundary embrittlement, is 
due to the segregation of elements at the grain boundaries during cooling, coiling and 
final annealing. Sn, Sb, As and P are reported to segregate to surfaces. 

 Copper can act as a protection against corrosion in certain steels. 
 
Welding 

 Most residual elements contribute to the hardenability in the HAZ in a more or less 
negative way. 

 Steels that contain up to 0.85 w% copper has not reported to be a problem. In fact the 
forming of precipitates is reported to be beneficial in regards to the toughness of the 
weldment. 

 The combination of tin and copper is a problem both in hot rolling and welding, 
causing similar problems. The presence of a copper phase that has a low melting point 
compared to the base material can cause surface cracking during hot rolling and hot 
tearing during welding as the material solidifies. 

56
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7. Summarizing tables, effects of residual elements 
The tables presented in this chapter are a summary of observed effects and limit contents of residual elements found in literature. 
Table 9 Influence of copper and tin 

REF Steel type Rest 
element 

Critical 
content (%) 

Operation Property affected 
Problem 

Comment 

6  Cu 0.1   
Surface defects 

Sb, Sn, As increase problem 
Ni reduces problem 
More problems with lower C content 

4  Cu 0,2  Hot workability  
3  Cu 0.2  Hot-shorteness Sn and Sb increase the effect, Ni decrease it. Ni 

can be problem , adherent scale  surf. Defect  
wear of process tool. 

3 Engineering steels Cu 0.35-0.47 Continuous 
casting 

Intergranular cracks in areas under 
mech. Stress. 
Problem if hold time at 1100°C 

Cracking severity f(casting process) 
Ni inhibit cracking (same amount as Cu) 
Solution: strong cooling after mold extraction 

3 Low carbon steels Cu, Sn 0,8 / 0.05 Continuous 
casting 

Intergranular cracks, increase with 
Cu, Sn% 

Cueq = Cu + 8Sn - Ni 

3 Engineering steels, 
low carbon steels 

Cu 0.26 Reheating 
furnace 

Cracking if 0.26% Cu and long time 0.14% Cu and long time  less cracking. Two 
opposite effects. 

3 Engineering steels, 
low carbon steels 

Cu 0.4 Hot rolling Increase ultimate tensile strength, 
decrease elongation. 

Litte influence on the surface quality (cracking). 

57 Flat products Cu, Sn 0.1 + 0.025 Hot forming Surface cracking  
57 LC steel (o.15% C) Sn 0.061 Cont-cast, 

thermal simul 
tests 

Hot ductility decreases (RA value). 
Lowest value at 750°C, not 
dependent on Sn content 

Grain boundary segreagation during cooling. 
Maximum segregation for cool.rate between 5 and 
20K/s. 

57 Deep drawing steel Cu 0.1  Cold forming / 
cold drawing 

negative  

4  Sn 0,04  Hot workability  
7 ELC, 0.02%C Sn, As 0,08 *  Static recrystallization 

delay 
Temp 950°C 

57 Deep drawing steel Sn 0.02 cold drawing Negative, increase yield and tensile 
strength,  

impairs elongation and striction 
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Table 10 Influence of residuals on processing 

REF Steel type Rest 
element 

(Critical) 
content (%) 

Operation Property affected 
Problem 

Comment 

4  Zn   Forms white smoke during iron 
casting 

Dust treatment required 

4  Pb 0,001  Hot workability  
57  Pb 0.001 – 0.005 Hot forming negative  
4  As 0,03  Hot workability  
57 LC steel As 0.03 Hot forming negative  
4  Bi 0,005  Hot workability  
57  Bi 0.0005 Hot forming Harmful  
57  S  Hot forming negative  
16 ELC steels Mo, Cr 0.09 / 0.09 Hot 

compression 
tests 

Increase hot def resistance, delay 
static recristallization 

 higher rolling load 

       
7 0,03%C Cr, Ni, 

Mo 
  R 90 

Decrease drawability 
Annealing T 680°C 

16 ELC steels Ni, Cr, 
Cu, Mo 

 Cold rolled and 
annealed sheets

Increase the resistance Could be a problem for soft drawable 
steel grades 

16 ELC steels ULC-IF 
steels 

Sn, As, 
Cu, Ni, 
Cr, Mo 

  Decrease r-value and ductility  
adverse effect on drawability 

 

57  Cr, Mo, N  cold drawing negative  
16 ELC steels As, Sn  annealing Recrystallization delay for cold rolled 

steels 
Both continuous annealing and batch 
annealing. 

57 LC steels P 0.03 Cold forming / 
cold drawing 

Negative, increase yield and tensile 
strength 

 

57 LC steels As 0.025 Cold forming / 
cold drawing 

Negative, increase yield and tensile 
strength 
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Table 11 Influence of residuals on end-properties 

REF Steel type Rest 
element 

(Critical) 
content (%) 

Operation Property affected 
Problem 

Comment 

4 Sheet product Ni, Cr   Increase hardness  
       
3  Cr, Mo, 

Ni, Cu 
Solid solution  Increase hardenability of C and low 

alloy steels 
Cr and Mo stronger effect 

3  Cr, Cu, 
Ni, Mo 

Solid solution  Increase hardness, decrease ductility Cr > Cu, Ni, Mo. Cr effects depends on 
C concentration 

3 If-Ti, thin sheet Cu, Ni, 
Cr, Sn 

Solid solution  Decrease grain size, increase solid 
solution hardening 

 

3 Low alloyed steels, 
high res. martensitic 
stainless steel 

Cu 0.5  Increase hardness Precipitate during aging treatement in the 
form of ε-Cu. 

57  Sb, P  Hardenability increase  
57  As 0.045 Hardenability decrease  
57  B 0.0005 Hardenability Increase strongly  
57  Cr  Hardenability Increase moderately, strong carbide 

former 
 

57  Mo  Hardenability Increase strongly, carbide former  
57  Co  Hardenability decrease  
57  Cu, Ni  Hardenability Mildly increase  
57  N  Hardenability decrease Nitride former, decreases grain size 

dimension and hardenability. 
57  W  Hardenability Strong increase  
57  S  Hardenability Decrease by removing manganese 

from solution 
 

       
3 Weathering steels  Cu 0.2-0.4  Resistance to corrosion Cu at the surface  better corrosion 

resistance. 
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Table 12 Influence of residuals on end-properties 

REF Steel type Rest 
element 

(Critical) 
content (%) 

Operation Property affected 
Problem 

Comment 

16 ULC-IF Sn (even 
others) 

  Reduce drastically toughness of hot 
rolled steels 

Embrittlement due to grain boundary 
segregation 

3 High strength C-Mn 
steels 

P, Sb, Sn Grain 
boundary 
segregation 

Tempering 
slow cooling, 
service (350 - 
550°C 

Temper embrittlement Mn, Cr or Ni necessary to observe the 
phenomene. Mo can inhibit temper 
embrittlement if between 0.2-0.7%wt. 

57  Sb  Notch impact 
strength 

Promotes temper embrittlement  

57  As 0.045 Notch impact 
strength 

Promotes temper embrittlement, 
decrease notch impact value 

 

57 Maraging steel Pb, P, S 0.005 / 0.01 / 
0.014 

Notch impact 
strength 

Promotes temper embrittlement, 
decrease notch impact value 

 

57  Sn 0.04 Notch impact 
strength 

Promotes temper embrittlement, 
decrease notch impact value 

Effect increase with C content. 

7 ULC-Ti hot stripes Sn 0,011/ 0,049 
* 

 toughness 
decrease 

 

10  Cu, As, F, 
Sn, S, An, 
Zn, Pb 

  Grain boundary embrittlement  

3 Thin sheet Sn   Segregate to grain boundaries More pronounced with low C. 
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Table 13 Influence of residual elements on processing and end-properties of flat products, from reference [2] 
 
Product Steel type Operation Residual element Content Comment 

Low carbon steel grades casting Mo, Cr 
Nb, Ni 

0.05 
0.1 

OK 

 Hot rolling Sn, Mo, As, Cr  Problem Sn>Mo>As 
Cr OK 

 Cold rolled and annealed sheets All but not Nb and 
Ti 

 Bad for crystallografic textures and r-value. 
Tensile stress increase at 0.08 (inte så at 0.03) 

ULC, low strength Hot rolling Sn, Cu  OK 
ULC, high strength Hot rolling Cu 

Sn 
0.3 
0.05 

Strenght +, elongation – 
Strenght -, elongation + 

  Sn+Cu together  Sn moderates Cu effect 
 Cold work   Embrittlement with both Cu and Sn 

Flat 

 weldability   OK with Cu and Sn 
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Table 14 Influence of residual elements on processing and end-properties of long products, from reference [2] 

 
Product Steel type Operation Residual element Content Comment 

 Weldability, toughness, service 
properties 

Cu 
Sn 

0.585 
0.03 No deterioration 

Heavy plate materials, 
CMnNb grade Strength and elongation Sn 0.02 Slight effect, OK 

42 CrMo4, 34 CrNiMo6, 15 
CrNi6 hardenability Mo 

Cu  Mo and Cu most important elements for hardenability 

LC steel 20 MnCr5, 7 MB6 Hot ductility Cu 
Sn 

0.4 
0.03 

Degradation over these contents. Harmfull effect ceases 
for T over 1100°C.  

 Surface cracking Cu 0.3 Critical Cu content. Lower if Sn, Sb present, higher if 
Ni present. 

Cold bright drawing Cu 0.5 Very good results for Cu>0.5 LC direct quenched wire 
rods Cold bright drawing Cr, Mo, Ni  No significant effect 

Cu 
Sn 

0.25 
0.05 No effect LC free cutting steel, 

0.08C, 11Mn, 0.07P, 0.3S + 
Bi, Te 

Cutting force, tool wear, hot 
ductility Bi, Te  Strong influence on hot ductility 
Segregation Cu, Sn, P  Sn large tendency to segregate in hot rolled rods High tensile pearlitic steel 

(0.8C, 0.2Si, 0.5Mn) Mechanical properties Cu 
Sn 

0.15 
0.05 Cu rises slightly tensile strength, no clear effect of Sn 

Continuous casting 
Precipitation of Cu-rich phase at metal/scale interface, 
oxide penetration in steel , eliminated by oxidation 
during billet reheating prior to rolling. 

Descaling No deterioration 
Phosphationg prior to drawing No significant effect 

Long 

LC wire 

Nickel coating 

Cu 
0.25 

No significant effect 
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