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This paper deals with the influence of the temperature changes in the course of rolling on the mechanical properties of copper. The experiment was performed in the two-stand laboratory rolling mill TANDEM, determined for hot rolling.  Two high-speed temperature scanners LANDSCAN were used for the measurement, making it possible the computer registration of surface temperature of not very large, relatively fast moving flat samples. Thanks to information obtained in this way it was possible to determine the relation between the heat removal into the work rolls and the surface temperature of the intensively formed samples made of the commercially pure copper. The temperature before the final reduction was on average 930 °C, the strain rate was changed in the range of ca 40 – 190 s-1. The changes of the strain rate and temperature of the rolling stock influenced significantly the course of the metadynamic recrystallization, which was found in the metallographic way, and – in a lesser extent – also the mechanical properties of samples, determined by the tensile test in the room temperature. These results were compared with the analogical data, obtained for the rolled low-carbon steel St37 before. 
Příspěvek se zabývá vlivem teplotních změn v průběhu válcování na mechanické vlastnosti válcované mědi. Experiment byl proveden na dvoustolicové laboratorní trati TANDEM určené pro válcování za tepla. K měření teplot bylo využito dvou vysokorychlostních teplotních skenerů LANDSCAN, které umožňují počítačovou registraci povrchových teplot nevelkých, poměrně rychle se pohybujících plochých vzorků. Díky takto získávaným informacím bylo možno určit vlivy odvodu tepla do pracovních válců na povrchovou teplotu intenzivně tvářených vzorků z technicky čisté mědi. Teplota před finálním úběrem činila v průměru 930 °C, měnila se deformační rychlost (v rozsahu cca 40 – 190 s-1). Změny deformační rychlosti i teploty provalku významně ovlivnily průběh metadynamické rekrystalizace, zjišťovaný metalograficky, a v menší míře i výsledné mechanické vlastnosti vzorků, určované tahovou zkouškou za pokojové teploty. Tyto výsledky bylo možné porovnat s analogickými údaji získanými dříve pro  válcovanou  nízkouhlíkovou oceli St37. Z výsledků je zřejmé, že u mědi nedochází k významnému zvyšovaní teploty vlivem deformačního tepla, resp. tento vliv je překryt rychlým odvodem tepla z provalku do pracovních válců. Silně se při tom projevuje vysoká teplotní vodivost mědi. Změna reálné doválcovací teploty se projevila ve změně mechanických vlastností válcované mědi jen poměrně nevýrazně. Při nižší deformační rychlosti se poněkud zlepšily pevnostní i plastické vlastnosti sledované tahovou zkouškou, což lze vysvětlit jemnozrnnější strukturou vzniklou dynamickou, resp. metadynamickou rekrystalizací.
Introduction
During the forming, 95-98 % of the brought energy is changed into the heat. The deformation heat decreases deformation resistance (in a different way according to strain rate) and this fact can lead to further localization of deformation [1]. 
Copper is very well formable in the hot and cold state. Nevertheless, at temperatures around 500 °C its very low toughness is manifested. For this reason, copper is possible to be formed either in the cold state or at temperatures 700 to 900 °C. Copper is a very good heat conductor (395 W·m-1·K-1) [2] and therefore it is featured by the very large heat loss by the heat removal into the rolls during rolling. The goal of the experiment was to find out the temperature changes of the formed sample in dependence on the various strain rates and to verify to what extent the decrease of temperature in the course of rolling will influence the resulting properties of copper.
Temperature changes at the rolling 
The described experimental technique was used for recording the temperature changes in the course of rolling of the flat steel samples with an initial thickness of 5 mm and width of 40 mm in the mill TANDEM [3]. The commercially pure copper was used for the experiment. The samples heated to temperature 930 °C were rolled first to thickness of 3.8 mm in the stand A. In this way also scale from their surface was removed. The height reduction of 50 % in the stand B to thickness of 1.9 mm followed immediately. The nominal speed of rotating the rolls in the stand B with work roll diameter of 158 mm was changed in the range of  N = 50 – 250 min-1. Close before the entrance into the roll gap of the stand B and close after it, the temperature scanners measured the surface temperatures of samples. In Fig. 1 an example of the measured roll forces and temperatures is shown, which were found by means of the temperature scanners for the nominal roll speed of 50 rpm.
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	Fig. 1 Example of measured roll forces and temperatures for nominal roll speed 50 rpm

	Obr. 1 Příklad naměřených válcovacích sil a teplot pro nominální rychlost otáčení válců 50 ot/min


The installation of two high-speed temperature scanners LANDSCAN, working in a parallel way, made it possible to measure effectively surface temperatures of the samples, moving in an arbitrary place. The highly precision temperature scanner LANDSCAN consists of the high speed wide-angle scanning head (it guarantees the very precision imaging and measurement of temperature in the range of 300 – 1000 °C with the type LSP21, or 600 – 1400 °C with the type LSP10), the control processor/evaluation unit (interpreting the obtained data and generating the signals for the on-line control of processes) and the WCA software, which makes it possible under the operation system Windows the further imaging, analyses and data storing in the connected notebook [4, 5]. 
In Fig. 2 one can see the maps of the surface temperatures for the nominal roll speed 50, or 200 rpm. It is evident that the heat removal into the rolls is substantially higher in the case of the lower rolling speed than in the case of the higher speed (the difference is nearly 170 °C). 
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	Fig. 2 Maps of surface temperatures [°C] recorded by a pair of temperature scanners

	Obr. 2 Mapy povrchových teplot [°C] naměřená dvojicí teplotních skenerů 


The temperature change T [°C] was calculated as a difference between the temperature before the last reduction (TBD) and the temperature immediately after the last reduction (TAD). Strain rate [s-1] was calculated according to [6]:
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where vr [mm·s-1] is the real circumferential speed of rolls with radius R [mm]; H0 or H1 [mm] is the initial or exit thickness of the rolling stock. In Table 1 the results of the temperature measurements for the various speed conditions of the experiment are summarized. 

Tab. 1 Results of measured temperatures for individual rolling speeds 

Tab. 1 Výsledky naměřených teplot pro jednotlivé rychlosti válcování 
	Rotating Speed of Rolls [rpm]
	

[s-1]
	TBD
[°C]
	TAD
[°C]
	T
[°C]

	50
	38
	886
	613
	-273

	100
	76
	889
	747
	-142

	200
	152
	897
	792
	-105

	250
	190
	881
	780
	-101


Mechanical tests
For the two chosen roll speeds (50 and 200 rpm) the tensile tests were performed, always on five specimens. Their average results, together with standard deviations, are given in Table 2. Yield stress (YS) [MPa], ultimate tensile stress (UTS) [MPa] and elongation A80 [%] were determined. 
Tab. 2 Comparison of mechanical properties of symplex after rolling
Tab. 2 Srovnání mechanických vlastností vzorků 
	Rotating Speed of Rolls [rpm]
	YS
[MPa]
	UTS
[MPa]
	A80

[%]

	50
	43 ±1
	210 ±3
	44,2 ±3,2

	200
	38 ±4
	196 ±2
	41,0 ±2,1


Metallographic analyses
Some rolled products were – thanks to the special equipment of the mill TANDEM – quenched in water within 2 seconds after the last reduction. The special procedures of the temper annealing and etching enabled to obtain information on the initial grain in an instant of quenching. In Fig. 3 the grain is shown after the heating to temperature 930 °C and the subsequent water quenching. 
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	Fig. 3 Structure of  sample quenched from temperature 930°C

	Obr. 3 Struktura vzorku zakaleného z teploty 930°C


In Fig. 4 we can see the resulting microstructure for the nominal roll speed 50 rpm and 200 rpm.
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	a) actual rotating speed of rolls 50 rpm; cooling from 886 to 613 °C due to the heat removal to rolls 
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	b) actual rotating speed of rolls 200 rpm; cooling from 897 to 792 °C due to the heat removal to rolls 

	Fig. 4 Influence of deformation conditions on structure immediately after rolling 

	Obr. 4 Vliv deformačních podmínek na strukturu po válcování

a) skutečná rychlost otáčení válců 50 ot./min; ochlazení z 886 na 613 °C vlivem odvodu tepla do válců 
b) skutečná rychlost otáčení válců 200 ot./min; ochlazení z 897 to 792 °C vlivem odvodu tepla do válců 

	


Discussion of the experimental results
Diagram in Fig. 5 summarizes the results attained by the measurement of the temperature changes during the laboratory hot rolling. 
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	Fig. 5 Influence of strain rate on a change of the surface temperature during rolling

	

	Obr. 5 Vliv rychlosti deformace na změnu povrchové teploty během válcování


It is visible from the course of the curve (obtained as a rough interpolation of the results gained during the rolling of copper) that in no case the increase of temperature due to the deformation heat was measured. Increase in strain rate above ca 150 s-1 does not have a pronounced influence on the change of temperature. For lower strain rates the decrease in temperature is rather strong, which results in a change of the mechanical properties and the resulting microstructure.
In comparison with the analogous experiment, which was carried out on the low-carbon steel St37 [7], in the case of copper the effect of the deformation heat is eliminated by the fast removal of heat into the work rolls. It is due to the high thermal conductivity of copper (395 W·m-1·K-1) compared to the relatively low thermal conductivity of the low-carbon steel (approximately 60 W·m-1·K-1) [2]. In the “high-reduction” rolling of steel the effect of the deformation heat resulted in the absolute increase in the surface temperature of the sample, especially at high strain rates.
From the results of the tensile tests follows that the change of the actual finish rolling temperature resulted in the change of the mechanical properties only mildly. At the lower strain rate, the strength and plastic properties improved to a certain extent, which can be explained by the more fine-grained structure, incurred by the dynamic, or metadynamic recrystallization.
Summary
· The described experiment could be performed thanks to the utilization of two temperature scanners LANDSCAN, which are able to measure the surface temperature of a small, quickly moving sample. The precise data on the temperature changes can be obtained using the software system for the on-line computations and imaging the maximum temperature measured during one pass reduction in the laboratory rolling mill TANDEM.
· For the reason of the high thermal conductivity of copper, the effect of increasing the temperature of the material due to the deformation heat was suppressed by the fast removal of heat into the rolls. In comparison with the analogical experiment, performed earlier during the “high-reduction” rolling of the low-carbon steel, no absolute increase in temperature due to the deformation heat was measured in any case.  

· The change of the finish rolling temperature resulted in the change of the mechanical properties of the rolled copper only mildly. At the lower strain rate, the strength and plastic properties pursued by the tensile test improved to a certain extent, which can be explained by more fine-grained structure, incurred by the dynamic or metadynamic recrystallization .
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