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INTRODUCTION
The majority of car and commercial vehicle tires have been constructed using various forms of reinforcement such as fabric cord and brass-plated steel cord. Brass-plated steel cords are used in the belt or carcass of tires to reinforce and enhance the tires’ structural support and mechanical stability.  In order to absorb the impact appropriately by dissipating stress, and to bear the load of the tire during its service life, good adhesion between the rubber compound and reinforcing material is essential.  However, steel cord does not adhere to rubber, so brass is plated on the surface of the steel cord for adhesion between them.  It is during vulcanization that adhesion between rubber compound and brass-plated steel cord occurs. Copper sulfide is formed at the adhesion interphase as the result of the reaction of the copper with the brass and sulfur in the rubber compound during vulcanization process [1].  Oxides and hydroxides of copper and zinc are formed simultaneously: thus, the adhesion interphase is complicated concerning its structure and composition.

For a stable and long-service tire, unaged adhesion properties of the steel cord to the rubber compound should be excellent and adhesion degradation after aging treatments should be delayed as much as possible to maintain the function of reinforcement.  Unfortunately, an adhesion degradation for brass-plated steel cord is inevitable due to the additional growth of copper sulfide at the adhesion interphase and the loss (dezincification) of metallic zinc at the adhesion interphase, caused by heat generated during tire use, or by contact with moisture in the air.  Cho et al. [2] manufactured thin copper-plated steel cords with 30∼90 nm of copper thickness.  Copper was deposited on the uniform surface of a zinc-plated steel filament by the substitution plating method. The copper-plated steel cord showed excellent adhesion stability against hostile aging treatments [3].  The suppression of the excessive growth of copper sulfide on the copper-plated steel cord, due to the limitation of the amount of copper plating, resulted in good stability against hostile aging treatment.

We prepared copper-plated steel cord in order to investigate the effect of cure rate on the adhesion of rubber compound to copper-plated steel cord.  The adhesion properties between rubber compounds having different both sulfur and accelerator loading amount and copper-plated steel cord were studied to illustrate the potential for the application of copper-plated steel cord as an alternative reinforcement material of brass-plated steel cord in tire and to know the effect of cure rate on the adhesion of rubber compound to copper-plated steel cord.
EXPERIMENTAL
Nine different rubber compounds with different loading amounts of both accelerator and sulfur were prepared.  The formulations of these compounds are tabulated in Table 1.  Secondary additives were added into the master batch. Master batch components were mixed following the procedure described in ASTM D-3184-91, using an internal mixer (Banbury Mixer model 82, Farrel Co., U.S.A.).  They were mixed for 5 min at a rotor speed of 40 rpm and dumped at 150 oC.  After the master batch cooled to room temperature, the final mixing components were added and blended for 5 min at 30 rpm and then dumped at 90 oC.  After mixing, the compounds were carefully remilled into flat sheets on a two-roll mill (model MKIII, Farrel Co., U.S.A.). Copper-plated filaments were twisted together to make the copper-plated steel cord of 3×0.30 construction. The average thickness of the copper film was determined from AES depth profiling. Copper plating of copper-plated steel cord was 1.1 g/Kg. The surfaces of copper-plated steel cord and brass-plated steel cord were investigated using a SEM (model 840A, JEOL Co., Japan) before adhesion on the rubber.

Rheocurves were recorded using a Monsanto Rheometer 100 at 160 oC and cure rate index (CRI) were calculated from t2 and t90 time in those rheocurves and torques were obtained from those rheocurves.  The CRI is regarded as the cure rate. A tensile sample of the rubber compound was cured at 160 oC and 13 MPa.  Cure time was determined as 1.1 times of t90 time, considering heat transfer of the rubber samples. Hardness of the vulcanizates was measured using a Shore A durometer according to ASTM D-2240-91, and tensile properties were determined by a tensile tester (model 6021, Instron Co., U.S.A.) with a crosshead speed of 500 mm · min-1 as described in ASTM D-412-91.  Each value reported was the average derived from six specimens.
By the procedure described in ASTM D-2229-91, T-test specimens were cured at 160 oC on the cure press.  The embedded length of steel cord to rubber compound was 12. 7 mm. Curing was maintained for 5 min longer than t90 time to compensate for heat transfer of rubber block.  For humidity aging, adhesion samples were placed in a humidity chamber (Weiss Technik, model 305B) for 15 days under conditions of 85 oC and 85% relative humidity.  Thermal aging was performed under air atmosphere at 95 oC for 15 days, and salt solution aging, in which the bottom of adhesion samples was immersed completely in a 20 wt% NaCl solution, at ambient temperature for 5 days.
  Pullout force was determined as the maximum force exerted by the tensile tester (Instron model 6021, USA) on a T-test adhesion sample during pullout test at 100 mm·min-1 of crosshead speed.  Rubber coverage, defined as the percentage of rubber-adhered area on cord surface, was also noted.  The relative extent of rubber covered on pulled out cord by naked eye was based on the determination of rubber coverage; bare steel cord as 0% to fully covered rubber as 100%. Each value reported was the average derived from six specimens.

 The depth profiles from the outer cord surface to the inner cord were recorded on a Perkin-Elmer Auger spectrometer (Phi 670, U.S.A.). The sputtering rate for the brass film was determined to be 10 nm·min-1.

RESULTS AND DISCUSSION
The adhesion properties of copper-plated steel cords were different from those of the brass-plated cord before and after aging treatments, as shown in Table 2.  The unaged adhesion properties of copper-plated cords were inferior to those of the brass-plated cord.  The unaged pullout force and rubber coverage of copper-plated steel cords were low compared to those of brass-plated steel cord 

It is well known that the reactivity of copper to sulfur is faster than that of brass to sulfur. Also, the reaction rate of adhesion-interphase formation is far faster than that of vulcanization of rubber compound.  Therefore, most of adhesion-interphase formation copper-plated steel cord may be completed before the scorch time of rubber compound. The cure rate in copper-plated steel cord is more important than that in brass-plated steel cord.  The large difference of reaction rate between adhesion-interphase formation and vulcanization is responsible for the formation of weak boundary layer in thin rubber layer closely adjacent to adhesion interphase.  During the cure of adhesion samples, the lack of sulfur in thin rubber layer adjacent to adhesion interphase occurred due to large consumption of sulfur in the adhesion-interphase formation instead of vulcanization. Therefore, the sulfur concentration gradient formed in the thin rubber layer closely adjacent to adhesion interphase, which suffered lack of sulfur. Unfortunately, the diffusion of sulfur from rubber bulk to thin rubber layer closely adjacent to adhesion interphase may be effectively hindered by sulfur cross-linking network formed in rubber at initial vulcanization period. As cure of adhesion samples proceeded, the bulk rubber is completely cured whereas the rubber adjacent to interphase is no longer cured. As the mechanism mentioned above, thin rubber layer adjacent to adhesion interphase has a low sulfur cross-linking density compared to rubber bulk.


The high adhesion between the copper-plated steel cord and the rubber compound was resulted in the sufficient formation of copper sulfide, when the modulus of the thin rubber layer adjacent to adhesion interphase was high enough to hold copper sulfide. 

The adhesion properties are degraded by thermal aging as shown in Table 2.  But the degradation rate of adhesion properties of copper-plated steel cord is significantly different from that of brass-plated steel cord.  With treating thermal aging of adhesion samples using brass-plated steel cord, adhesion properties after thermal aging worsen.  But the adhesion retention of adhesion samples using copper-plated steel cord against thermal aging is very high resulting in keeping adhesion force of unaged adhesion force. 

For the constant loading amount of accelerator, adhesion retention of copper-plated steel cord, which was expressed as the ratio of adhesion force after aging treatment to unaged adhesion force, decreased with increasing sulfur loading amount. Especially, the adhesion retention of copper-plated steel cord decreased significantly for the high loading amount of accelerator (1.4 phr). 

For the constant loading amount of sulfur, adhesion retention of copper-plated steel cord varied with the loading amount of sulfur. For the low and medium loading amounts of sulfur, adhesion retention of copper-plated steel cord increased with increasing accelerator-loading amount. For the high low loading amount of sulfur, that decreased with increasing loading amount of accelerator. 


The adhesion stability of copper-plated steel cords against thermal aging was considerably high compared to that of the brass-plated steel cords.  Although the unaged adhesion properties of copper-plated cords were inferior to the brass-plated cord, the degradation rate was considerably lower for copper-plated cord than brass-plated steel cord.  It is worth noting that at the unaged state the pullout force of the copper-plated cord to rubber compound (S/Acc.=1.75/0.35) was just one half of the brass-plated cord, but that after thermal aging of 15 days, it was almost the same as that of brass-plated cord.  The rubber coverage of the brass-plated cord was slightly kept to constant with thermal aging, while that of the copper-plated steel cord significantly improved.

The adhesion stability of copper-plated steel cords was more exceptional than the brass-plated steel cord against humidity aging, as shown in Table 2. With humidity aging, the pullout forces of brass-plated steel cords decreased but those of copper-plated steel cord did not change remarkably. The rubber coverage of the brass-plated steel cord was slightly increased with humidity aging, while that of copper-plated steel cord was significantly improved. This result shows the exceptional adhesion stability of copper-plated steel cord compared to the adhesion degradation of brass-plated steel cord. 

 As mentioned above, adhesion properties of copper-plated steel cord depended largely on the cure rate. Because of the large difference of reaction rate between adhesion-interphase formation and vulcanization, the weak boundary layer formed inevitably on the thin rubber layer closely adjacent to adhesion interphase. Therefore, the pullout force with various aging treatment was plotted with the cure rate of rubber.  The clear correlation of pullout force with cure rate is not showed in unaged case. Unlikely in the unaged adhesion properties, the pullout forces both after thermal aging and after humidity aging treatment show the negative linear correlation with cure rate of rubber compound. For the brass-plated steel cord, pullout force was positively correlated with cure rate after various aging treatments.   

CONCLUSION
Although the adhesion properties of the copper-plated steel cord varied with the cure rate of the rubber compound, the pullout force of the copper-plated steel cord was inferior to that of the brass-plated steel cord.  High adhesion retention to the copper-plated steel cord was obtained after hostile environment compared to brass-plated steel cord.  The resistance of the copper-plated steel cord against hostile aging was better than that of the brass-plated steel cord. Pullout force of copper-plated steel cord to rubber compound is inversely correlated with cure rate after various aging treatments. The high adhesion between the copper-plated steel cord and the rubber compound was ascribed to the sufficient formation of copper sulfide, when the modulus of the rubber layer was high enough to hold copper sulfide.
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Table 1. Composition of rubber compounds prepared.


Material            Trade name        Manufacturer                 Content

                                                                 (phr) 

Masterbatch
natural rubber
SMR-20

Lee Rubber Co., Malaysia

100

carbon black 
N330

Lucky Co., Korea


60

processing oil 
A#2

Michang Co., Korea

3.5

activator
ZnO

Hanil Co., Korea


8

antioxidant 
Kumanox-13 
Monsanto Co., USA 

1

adhesion promoter
B-18S 

Indspec Co., USA
  
2

adhesion promoter
Manobond-680C 
Rhone Poulenc Co., France       0.5

Final Mixing
activator
Stearic acid

Pyungwha Co., Korea

1.5

accelerator 
DCBS

Monsanto Co., USA   

varied

sulfur 
Crystex HS OT 20
Akzo Co., The Netherlands    
varied

adhesion promoter
Cyrez-964 6)
Cytec Co., USA
  

3


Table 2. The adhesion properties of various aged adhesion samples for various rubber compounds with respect to the loading of accelerator and sulfur.


Accele- Sulfur  CRI1           Pullout force(N)                  Rubber coverage (%)

rator   (phr)  (min-1)      Brass             Copper          Brass          Copper

(phr)
             02  15(t)3  15(h)4   0   15(t)  15(h)  0  15(t)  15(h)  0  15(t)  15(h)



0.35
1.75
8.7
480
274
304
225
235
245
80
80
90
40
70
85



3.50
10.4
559
265
402
294
206
245
85
95
90
50
80
85



7.00
6.8
578
353
421
235
206
333
90
95
95
50
55
75


0.70
1.75
12.0
490
333
421
196
216
216
80
90
85
45
80
75



3.50
13.0
559
363
461
216
196
225
85
95
95
50
80
85



7.00
14.9
568
382
470
265
196
235
90
95
95
40
70
75


1.40
1.75
15.0
461
451
470
167
186
157
75
85
85
20
40
30



3.50
16.7
568
441
490
196
186
186
90
90
95
40
60
70



7.00
16.0
608
304
480
235
176
186
85
90
95
40
50
70


1 Cure rate index (CRI) = 100/(t90 - t2).

2 Aging period (days). 

3 Thermal aging. 4 Humidity aging.
