
International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 

Volume- 7, Issue-5, May-2019, http://iraj.in 

Multi-Phase Steel Alloyed by Copper and Produced by Controlled Rolling 

 

44 

MULTI-PHASE STEEL ALLOYED BY COPPER AND PRODUCED BY 

CONTROLLED ROLLING 
 

1
JAROMIR DLOUHY, 

2
PAVEL PODANY, 

3
JAN DZUGAN 

 
COMTES FHT a.s., Prumyslova 995, 334 41, Plzen, Czech Republic 

E-mail: 1jaromir.dlouhy@comtesfht.cz, 2pavel.podany@comtesfht.cz, 3jan.dzugan@comtesfht.cz 
 

 
Abstract - Dual- and multi-phase steels are widely studied and used class of steel mainly due to their outstanding 

combination of strength and plasticity. Their microstructure consists of ferrite and martensite in case of dual-phase steels. 
There can also be bainite or retained austenite present in the structure and therefore “multi-phase steel” term is used. Yield 
strength of these material is determined by the softest constituent of their structure – the free ferrite. This article describes 
formation of multi-phase structure in low-alloyed steel with addition of Cu. The Cu is able to precipitate within the ferrite 
matrix and to cause significant strengthening. The strengthening of the ferrite proved to be an effective way to increase the 
YS of the material.   
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I. INTRODUCTION 

 

Multi-phase steels possess high strength with 

sufficient ductility and deformation strengthening. 

This fact is attributed to the presence of minimal two 

types of phases with dramatically different properties 
in their structure. Typically it is ferrite and 

martensite, accompanied with bainite or retained 

austenite in case of multi-phase steel. Soft ferrite 

determines the yield strength of the material. Its 

deformation is constrained by presence of the hard 

phase (usually martensite-austenite islands) [1,2]. 

Ferrite strengthening is then possible way how to 

increase the YS of the material [3]. 

Copper alloying proved to be effective way of ferrite 

YS enhancement [4,5]. Cu solubility at temperature 

A1 is roughly 3 wt.% in austenite and 2 wt.% in 

ferrite. There is almost no solubility of Cu in ferrite at 
room temperature. This change in solubility brings an 

opportunity to prepare supersaturated Cu solution in 

ferrite by rapid cooling from high temperature. Cu 

can precipitate from this supersaturated solution in 

form of nanometer-size particles and strengthen the 

ferrite [6,7]. This article applies this approach to the 

field of multi-phase microalloyed steels [8,9]. The 

precipitation annealing has a negative side effect in 

tempering the martensite in the structure. Tempered 

martensite areas are significantly softer than 

untampered. Ferrite strengthens simultaneously with 
the tempering and these effect narrows the difference 

in mechanical properties between individual phases in 

the steel. Thus it is important to compare effect of 

ferrite strengthening with martensite tempering to see 

if reasonable compromise between these two can be 

obtained.   

 

II. MATERIAL AND METHODS 

 

A. Experimental steel 

Two experimental steels were casted. The chemical 

composition is in Table 1. The steels differed in 

content of Cu and Mn. Content of other elements was 

kept as close as possible. Another alloying elements 

were Ti and B. B was added to improve steel 

hardenability. Slowing-down austenite decomposition 

permits longer operational times during controlled 

rolling and thus it is much easier to control the 
process. B slows down the austenite decomposition 

only if it is in solid solution. However, B tends to 

bind with N in steel. Ti was added as binding agent 

for N to remove free nitrogen from solid solution and 

bind it in form of TiN. N is then incapable to bind 

with B and the effect of B is not hindered. 

 

Steel C Mn Cu Si Ti B N 

F 0.21 0.98 1.08 0.08 0.025 0.0013 0.0063 

M 0.21 2.00 1.49 0.08 0.023 0.0015 0.0057 

Table 1. Chemical composition of experimental steels (in wt. 

%). 

The steels were casted in vacuum induction furnace 

under Ar atmosphere. Batch size was 500 kg in both 

cases. Ingots with circular cross-section were cast. 

They were forged in hydraulic press between flat 

swages into billets with cross-section 300 x 80 mm. 

Billets hot rolled into sheets 30 mm thick. The rolling 

temperature was 1050°C. Sheets were milled into 

thickness 25 mm to remove scales and decarburized 

layer. Samples were cut in dimensions 150 x 250 x25 
mm. The longest dimension of the sample was in the 

rolling direction of the sheet. Samples were covered 

by protective coating against decarburization and 

underwent controlled rolling. 

 

B. Controlled rolling 

The rolling was performed at experimental rolling 

mill in duo configuration. Rolls diameter was 550 

mm and rolling speed was 1 m/s.  

The rolling temperatures were chosen according to 

the measurement of transformation temperatures A1 
and A3. The measurement was performed in 

dilatometer by heating 3 °C/min to the temperature 
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1000 °C and cooling by the same velocity to the 

ambient temperature. Results of the dilatometry 
measurement are in Table 2. 

 

Steel 
Ac3 

[°C] 

Ac1 

[°C] 

Ar3 

[°C] 

Ar1 

[°C] 

F 812 719 779 629 

M 779 695 691 - 

 Table 2. Transformation temperatures of the 

experimental steels measured at heating (Ac) and cooling (Ar) 

rate 3 °C/min. 

 

There is a big difference between transformation 

temperatures at heating and cooling for both steels. B, 

Cu and Mn hinders austenite decomposition upon 

cooling, thus values obtained upon heating (Ac1, Ac3) 

were taken as those close to the equilibrium 
temperatures A1 and A3. The temperature Ar1 for steel 

M was even not determined, because austenite did not 

decomposed into pearlite and martensitic 

transformation followed during cooling to the 

ambient temperature. The samples were heated to the 

temperature 950°C in atmospheric electric furnace for 

30 min. Schematic representation of the controlled 

rolling regime is in Figure 1. This scheme was 

applied to all samples. Two regimes were performed 

for each experimental steel. The regimes differed in 

rolling temperatures (see Table 3).  
 

 
Fig. 1. Scheme of the controlled rolling. 

 

 
Table 3. Rolling temperatures in °C for individual steels and 

regimes. 

 

The rolling was divided into two stages: hot rolling 

and intercritical rolling. The hot rolling was 

performed to obtain homogenized and recrystallized 

austenitic structure before the crucial part of 

controlled rolling and was identical for all samples. 
Hot rolling finished at temperature 830°C, above A3 

temperature for both experimental steels. Sample 

thickness was reduced from 25 mm to 12.5 mm in 

two passes through the rolling mill. Cooling from hot 

rolling stage took place in air. Temperature was 

measured by pyrometer.  

Second stage of the rolling was the intercritical 

rolling. Three passes reduced thickness of the sample 

from 12.5 mm to ca 5.6 mm.  Regime No. 1 took 
place mainly in the intercritical region between 

temperatures A3 and A1. Regime No. 2 was 

performed slightly below temperature A1 for both 

materials. However, it can be assumed that both 

materials were still ferritic-austenitic at the beginning 

of second stage of the rolling, because alloying 

hinders austenite decomposition upon cooling 

significantly, as can be seen in Table 2.  

Samples were transferred into cooling tunnel and 

sprayed there by water from both sides. 

 

C. Thermal treatment 
Samples were cut into four segments. One was 

analyzed in as-rolled state, other three underwent 

thermal treatment: 300°C/60 min, 400°C/30 min and 

400°C/60 min. 

 

D. Sample analysis 

Mechanical properties were determined by tensile 

tests. Flat specimens were cut from samples with 

gauge length 45 mm, 8 mm width and thickness of 

the sheet 5.6mm. Ultimate tensile strength (UTS), 

yield stress (YS) and ductility (A5) were measured. 
Yield stress was determined as a proof stress at 0.2% 

plastic deformation. Metallography was performed on 

the longitudinal sections of the samples. Sections 

were mechanically ground and polished. 

Microstructure was revealed in Nital etchant and 

observed in light microscope and scanning electron 

microscope (SEM). 

 

III. RESULTS AND DISCUSSION  

 

A. Microstructure after rolling 

Microstructure of samples F was composed of ferrite, 
martensite, bainite and small amount of pearlite (Fig. 

2). Microstructures after regimes 1 and 2 were 

basically undistinguishable. Ferrite content was 50 

vol.%. The microstructure was inhomogeneous, 

exhibited banding of ferrite and also increased 

amount of ferrite near the surface of the sample (up to 

75 vol.%). Ferrite was in form of mostly polygonal 

grains up to 10 in diameter. The other constituents 

were martensite, bainite and pearlite. The pearlite was 

present mainly close to the surface in form of small 

isolated colonies (Fig. 3). 
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Fig. 2. Microstructure of samples F1 (a) and F2 (b) observed in 

light microscope. Ferrite is bright, martensite and bainite grey 

and traces of pearlite can be observed in a) as dark spots. 

 

 
Fig. 3. Microstructure of sample F1 observed in SEM. 

 

Letters marks individual phases:  

F – ferrite, M – martensite, B – bainite and P– 

pearlite. 

 

Material M was mostly martensitic after the rolling. 

Ferrite content was ca 25 vol.% (Fig. 4). Ferrite was 

distributed inhomogeneously in form of bands 

containing up to 50 vol.% of ferrite alternating with 
almost only martensitic bands. The ferrite was mainly 

acicular (Fig. 5). Rolling regimes 1 and 2 resulted in 

very similar structures with no apparent differences. 

 

 
Fig. 4. Microstructure of samples M1 (a) and M2 (b) observed 

in light microscope. Ferrite is bright, martensite and bainite 

grey. 

 
Fig. 5. Microstructure of sample M1 observed in SEM. 

 

Letters marks individual phases:  

F – ferrite, M – martensite and B – bainite. 

 

B. Microstructure after thermal treatment 

Heat treatment induced tempering of martensite as 

expected. Change in microstructure was clear in 

martensitic areas. Tempering proceeded with 
cementite precipitation inside martensite crystals and 

at their boundaries. 

 

 
Fig. 6. Microstructure of sample F1 400 °C/60min. Areas of 

tempered martensite are occupied by large number of bright 

carbides as a result of tempering. There are visible fine 

particles especially in ferritic grains, probably Cu precipitates. 

 

Figs. 6 and 7 shows clearly the martensite tempering 
in the structure. This evolution of the microstructure 

with annealing was observable for all samples. There 

were no apparent differences in microstructure among 

individual annealing regimes – 300°C/60 min, 

400°C/30 min or 400°C/60 min. It is expected, that 

higher temperature and longer time cause the 

cementite particle to coarsen, but this change was too 

subtle for observation in SEM.  

 

 
Fig. 7. Microstructure of sample F1 400 °C/60min. Tempered 

martensite and ferrite. 
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Another feature in microstructure was observed 

besides the martensite tempering. Small particles 
emerged in the ferrite after annealing. They were 

homogeneously distributed and were well visible 

especially in ferrite grains (Fig. 6). 

 

C. Mechanical properties 

Material F exhibited significant deformation 

strengthening in rolled state. YS was roughly half of 

the UTS. Both YS and UTS were identical after the 

regimes 1 and 2. Total elongation A5 was higher for 

regime 1, but the difference was only minor (see Fig. 

8). 

 

 
Fig. 8. Mechanical properties of material F in different states. 

 

Annealing caused decrease in UTS and increase of 

YS. The YS is determined by the properties of the 

soft phase – the ferrite. Ferritic grains did not 

changed their size during the annealing. Thus only 

dislocation pinning can be assumed as source of 

ferrite strengthening and ultimately increasing of YS. 

Remarkable is the fact, that YS of annealed samples 

was almost exactly the same regardless the annealing 
regime. This fact suggest that the ferrite strengthening 

reached the same level after different annealing. This 

effect cannot be explained by e.g. Cottrell 

atmospheres pinning dislocation like in bake-

hardening steels. The increase in YS from as-rolled 

state is significant (250 MPa) and occurs even after 

400 °C/60 min annealing (in comparison with 

regimes 180°C/30min for bake-hardening). This 

stability of the strengthening indicates, that more 

stable structural feature has to be responsible for the 

hardening effect. Cu precipitation kinetics is in 
agreement with annealing temperatures used and also 

fine particles observed in the structure (Fig. 6) 

supports this assumption. 

UTS decreased after annealing and the YS/UTS ratio 

decreased from 0.5 after rolling to 0.9 after 400°C 

annealing.  

Total elongation increased after annealing. There was 

maximum of A5 for the 400 °C/30 min annealing at 

20% for both regimes 1 and 2.  

Material M showed slightly different behavior in 

comparison with material F. Generally, change of 

rolling temperatures from regime 1 to 2 has little 

effect on mechanical properties, they were roughly 

the same (Fig. 9).  
As-rolled state of steel M exhibited substantial 

deformation strengthening. YS/UTS ratio was ca 0.7.  

 

 
Fig. 9. Mechanical properties of material F in different states. 

 

Annealing caused decrease of UTS with rising 

annealing temperature and tine. YS increased in 

comparison with as-rolled state, but was dependent 

on the annealing regime. Maximal YS was obtained 

after 300°C/60 min annealing. There was decrease of 

YS after annealing at 400 °C, and the YS decreased 

also with time of annealing. Deformation 
strengthening almost disappeared at this temperature. 

YS/UTS ratio was 0.98 for both rolling regimes. 

Total elongation A5 did not showed distinctive trend. 

It increased from as-rolled state to the annealed state 

(from 8% to approx. 10.5%), but the scattering of the 

values do not allow to draw any conclusions.  

 

IV. DISCUSSION 

 

Different rolling temperatures used in the experiment 

had little effect on microstructure or mechanical 
properties. The alloying was decisive for observed 

differences. Temperature of final rolling differed by 

40 °C or 50 °C for materials F and M respectively. 

Even such big difference in intercritical region did 

not affect substantially sample properties. This fact is 

beneficial from technological point of view. Tested 

materials allows rather large temperature intervals for 

controlled rolling for given final material structure 

and properties. Thus there are not so stringent 

demands on control of whole rolling process. The 

microstructure of the sheets was inhomogeneous. 

Ferrite content increased towards the surface of the 
sheet. This was more pronounced for the material F. 

Also ferritic grain size was inhomogeneous for the F 

material: up to 10 µm in the center and up to 3 µm 

near the surface. Banding of the microstructure was 

clearly visible for both materials. The final thickness 

of the samples 5.6 mm was clearly too big to gain 

homogeneous structure. Slow rolling speed of 

experimental mill (1 m/s) together with cold rolls 

clearly lead to the temperature gradient from surface 
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to the center of the sheet, which was capable to 

influence the microstructure. It was not possible to 
roll thinner sample due to excessive cooling and 

roughly 12 sec delay between individual passes. 

Industrial rolling mills with much greater speeds and 

fast-paced reductions would allow to obtain much 

more homogeneous structure.As-rolled state 

exhibited significant deformation strengthening and 

the difference between YS and UTS was roughly 500 

MPa for both materials. Material M had generally 

higher strength than material F by 300 MPa. This fact 

can be attributed to the higher martensite content. 

Annealing at 300 °C caused strong increase in YS for 

both materials in the same magnitude. However this 
effect differed at temperature 400 °C. Material F 

retained YS at the same level for all annealing 

regimes, material M exhibited decrease in YS with 

increasing temperature and time. Two main processes 

took place during the annealing – copper precipitation 

and martensite tempering. Martensite tempering of 

low-alloyed steel is characterized by decrease in YS 

and UTS with increasing tempering temperature and 

time. The Cu precipitation strengthen the ferrite 

matrix. In case of martensite, the Cu precipitation 

cannot cause the same level of strengthening as 
carbon dissolved in supersaturated solution. Thus the 

YS and UTS of martensite (where C and Cu are 

dissolved) lowers during tempering after which 

cementite and Cu precipitated in ferrite matrix. The 

decrease in strength is less than in steel without Cu, 

but there is still a decrease. Material M was mainly 

martensitic, thus this effect of martensite tempering 

prevailed and the material lost its YS and UTS with 

prolonged annealing at 400°C.  

 

Material F was ferritic-martensitic with mainly 

ferritic structure nearby surface of the samples. The 
free ferrite strengthening is supposed to be the 

decisive factor in YS change in this case. Cu 

precipitation matches by its character to the time and 

temperature stability of the YS. This fact is supported 

by the observation of the small particles 

homogeneously dispersed in ferrite after annealing. 

Unfortunately it is not possible to determine the 

nature of the particles directly by EDS due to 

particles size and spatial density. Spatial resolution of 

EDS well exceeds the average particles distance. 

Materials F and M differed in aspect of deformation 
strengthening. The difference between YS and UTS 

was the same after rolling for both materials, as 

mentioned earlier. YS/UTS ration dropped 

significantly after annealing. Material F retained 

some deformation strengthening (YS/UTS = 0.9) and 

material M loose almost completely this ability 

(YS/UTS=0.98) after annealing at 400°C. This 

suggests that the dual structure of material F with 

strengthened ferrite and tempered martensite is able 

to retain the strengthening better than structure 

composed mostly of tempered martensite in case of 
material M. 

 

V. CONCLUSION 

 

Structures composed of ferrite, martensite and bainite 

were obtained by controlled rolling. The temperature 

of intercritical rolling did not affect the structure or 

properties if changed in interval 50°C above A1 

temperature. Alloying substantially influenced the 

microstructure and properties. Annealing caused 

significant increase in YS and the strengthening was 

most effective for the free-ferrite phase of the 
microstructure. The character of the strengthening 

suggests that Cu precipitation was the major 

contribution to this effect.           
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