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INTRODUCTION
  Brass-plated steel cord for the belt and carcass of tire has been used as a reinforcing material in order to enhance the structure maintaining function. Brass plated on the steel cord reacts with sulfur in the rubber compound during the curing process of tire manufacturing, forming an adhesion interphase between the rubber compound and the steel cord. Therefore, the adhesion interphase with sufficient thickness and stable structure is essential for a good adhesion.

  Copper and zinc sulfides and oxides and hydroxides of copper and zinc are formed at the adhesion interphase due to the reaction of brass with sulfur, oxygen and water in the rubber compound.1, 2, 3  Adhesion becomes weak when copper sulfide layer is not sufficiently grown, but the excessive growth of copper sulfide and zinc oxide brings about their own cohesive failures. Severe spread of copper sulfide and zinc oxide into the rubber compound also leads to a poor adhesion. A depth profile measured by surface analysis technique such as X-ray Photoelectron Spectroscopy (XPS) and Auger Electron Spectroscopy (AES) gives information about adhesion interphase. The adhesion sample prepared by attaching the rubber compound with thin brass film deposited on a glass is useful to get homogenous and reproducible depth profiles of the adhesion interphases, compared to a mechanically broken rubber compound-steel cord sample.

  Tetrachlorobenzoquinone (TCBQ) was introduced as a new organic adhesion promoter by Barnhart and Mckinstry.4 But almost nothing was reported so far about its role on enhancing the adhesion between rubber compound and brass-plated steel cord. So, it would be helpful for the design of new organic promoters to verify the function of TCBQ at the sight of the adhesion interphase.

  The aim of this study is to show how TCBQ acts as an adhesion promoter. The effect of TCBQ on the adhesion property between rubber compound and brass-plated steel cord was examined based on the formation and degradation of the adhesion interphase from the depth profile of the rubber compound/brass film samples.

EXPERIMENTAL
  Five rubber stocks with different amounts of TCBQ were prepared. Formulations for the masterbatch and final mixed compounds are given in Table 1.

  The loading amounts of TCBQ were 0, 0.5, 1.0, 2.0, and 4.0 phr. All the rubber compounds were mixed as described in ASTM D3184-80 using an internal mixer (Banbury Mixer model 82, Farrel Co., U.S.A.). Ingredients for masterbatch were mixed for 10 min at the rotor speed of 40 rpm and dumped at 150 oC. After the masterbatch was cooled down to room temperature, the final mixing components were mixed for 5 min at 30 rpm and 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.). 

  By the procedure described in ASTM D-2229, specimens for T-test were cured at 160 oC on a cure press. Curing was maintained to be 5 minutes more than T90 time. The brass-plated steel cord (4 x 0.28) manufactured by Hyosung T&C Co., Korea was used. The plating weight of the brass was 3.6 g/kg and the copper content 63.6%. For humidity aging, specimens were placed in a humidity chamber at 85 oC under 85% relative humidity for 5, 10, and 15 days. Thermal aging was performed at 90 oC. 

  Pullout force was determined as the maximum force exerted by the tensile tester on the T-test adhesion sample during pullout test, with 10 mm/min of crosshead speed. Rubber coverage was also noted. Each value reported was an average out of six specimens. For the fracture mode of steel cord pulled after T-test, scanning electron microscope (JEOL JSM 7400, Japan) was used.

  A thin brass film with the Cu/Zn ratio of 70/30 was sputtered onto a glass plate (Marienfeld, Germany, 75 x 25 mm) using an RF magnetron sputter for 120 sec at 2 x 10-6 Torr. RF power was controlled to 250 W. The thickness of the film was confirmed to be 150 nm by SEM (JEOL JSM 7400, Japan). 

  A brass-on-glass plate was sandwiched between two uncured pads of each rubber compound, and then placed in a pad mold.5 Curing and aging conditions for rubber compound/brass film samples were kept to be the same as in the preparation of T-test adhesion specimens.

  Depth profiles from the outer brass surface to the bulk of rubber were recorded on an Auger spectrometer (Perkin-Elmer Phi 670). An area of 10 x 10 m2 surface was examined at a potential of 5.0 keV, a current of 0.03 A and an incident angel of 30 o to the specimen. Surface concentrations were determined from Auger peaks of detected elements with compensation of their sensitivities at every 0.5 min. A sputter gun with an argon ion beam rastered on 2 x 2 mm2 area was used for the depth profiling. The sputtering rate for the brass film was determined to be 25 nm/min. It is difficult however to determine precisely the sputtering rate for the adhesion interphase because it includes various chemical components with variable concentrations. 

RESULTS AND DISCUSSION
  With increasing the loading amount of TCBQ in the rubber compound, cure rate decreased. CRI of the rubber compound contained 1 phr of TCBQ declined to a half of TCBQ-free rubber compound. Slow cure rate of TCBQ loaded rubber compound induces the decreases in tensile strength and elongation at break.

  The adhesion properties are improved by TCBQ loading in the rubber compound. The enhancement is significant at low loading and unaged state. However, when the TCBQ loading was as high as 2 phr or more, the enhancement was disappeared. This improvement in the adhesion with TCBQ loading was also observed after thermal and humidity agings.

  The schematic shapes of unaged adhesion interphase investigated from various rubber compound/brass film samples were similar regardless of the amount of TCBQ loading. But the concentrations of sulfur and oxygen at the interphase were, depending on the loading amount of TCBQ and aging treatment, quite different. Copper sulfide and zinc oxide are the major components at the interphase of the TCBQ-free rubber compound and they increase concomittantly after aging treatment. 

  No conspicuous difference by TCBQ loading is found from the adhesion interphase investigated immediately after curing, however the adhesion interphase after humidity aging becomes changed to a large degree by the addition of TCBQ. Because of the severe dezincfication at the adhesion interphase of TCBQ-free compound, only a little amount of copper and sulfur is detected whereas almost no zinc and oxygen detected. On the contrary, for the compounds with TCBQ loading of 0.5 or 1.0 phr, the adhesion interphase maintains its structure even after humidity aging of 15 days. Though the adhesion interphase was destroyed when excess TCBQ has been added as 2.0 phr, the adhesion interphase of the compound with less TCBQ could be retained. Especially, zinc oxide exists, forming layers at the adhesion interphase. Copper and zinc peaks are investigated in a rubber bulk. The fact that copper, which presents at the adhesion interphase, could be observed in the rubber layer after humidity aging of TCBQ-loaded compound indicates a possibility of acceleration of copper diffusion by TCBQ. Considering that the adhesion could be attained via copper sulfide formation through the reaction between copper in brass and sulfur in rubber compound, copper diffusion in the rubber bulk can be thought to be the positive effect accelerating the formation of adhesion layer. The effect to improve adhesion property before aging by the addition of a small amount of TCBQ can be attributed to the accelerated reaction of sulfur at the interphase with copper which is enhanced to diffuse by TCBQ. Thus, the improved adhesion is explained in terms of the enlarged surface area of copper sulfide because copper moves easily in the rubber bulk and and the reaction between copper and sulfur occurs at many places rather than a limited region.

  The enhancement in adhesion by the accelerated formation of copper sulfide can be predicted from the facts that it decreases with increasing TCBQ loading or that it disappears by aging treatment. This is attributed to the lowered adhesion property due to the absence of copper at the adhesion interphase even copper sulfide is formed abundantly by the diffusion of copper into rubber matrix when the addition of TCBQ increases. Deterioration in the adhesion property by aging treatment can be explained, by the fact that the movement of copper in rubber compound becomes prominent.

  In TCBQ-loaded compounds, zinc oxide gathers mainly on the adhesion interphase. Since, when zinc oxide layer grows to excess, the adhesion fails within this layer, overgrowth of zinc oxide has been considered to be detrimental to adhesion. Nevertheless, the zinc oxide layer with adequate thickness can raise the stability of adhesion interphase by suppressing the migration of copper and sulfur as suggested by Ishikawa.14 When the mobility of copper increases by TCBQ loading, the degree of freedom of zinc increases via this effect and the formation of zinc oxide is also promoted. However, this zinc oxide layer can contribute to increase the stability of adhesion by constraining the diffusion of moisture during humidity aging. 

  The reason why effects of TCBQ loading on the enhancement of adhesion disappear after humidity aging for 15 days, when the movement of copper becomes prominent, can be explained in a same manner. In addition, the formation of zinc oxide layer is also promoted in the TCBQ-loaded rubber compound by an increased reactivity of zinc due to copper diffusion. In so far as no severe migration of copper sulfide layer into the rubber occurs, the stable zinc oxide layer suppresses the diffusion of outside water, contributing to the promotion of stability against humidity aging. However, with gradual increase of TCBQ loading or of humidity aging time, the addition of TCBQ brings about the loass of adhesion stability rather than improvement of adhesion property because the adhesion interphase becomes to be empty due to copper migration.

  On the other hand, the rubber compounds contained TCBQ show different behaviors. 

In the rubber compound with TCBQ loading of 0.5 and 1.0 phr, copper migrates to the rubber layer and it gathers together in the rubber rather than at the adhesion interphase. However, zinc oxide is generally present at the adhesion interphase, forming layers. For the TCBQ-free rubber compound, almost no zinc and oxygen is detected at the adhesion interphase due to severe dezincfication, and the intensities of copper and sulfur are also very weak. The concentration of sulfur at the adhesion interphase after humidity aging increases with TCBQ loading, and that of oxygen increases up to 0.5 phr of TCBQ loading. After humidity aging for 15 days, oxygen content at the interphase for the TCBQ loading of 0.5 phr became larger. But the acceleration of sulfide formation by TCBQ loading is obvious qualitatively from the depth profiles.

  Zinc oxide is detected at the most of the adhesion interphase, but the effect of zinc oxide on the adhesion is complicated. Zinc oxide layer prevents the migration of copper and zinc to the interphase during aging treatment, enhancing the stability of the adhesion interphase. However, excessive formation of zinc oxide layer leads to a fatal failure because of its weak mechanical strength. Thus the excessive growth of zinc oxide layer at humidity aging should be suppressed for stable adhesion. On the other hand, low content of zinc oxide at the interphase induces the excessive growth of copper sulfide, and therefore, the adequate formation of zinc oxide plays a key role for a stable adhesion.

  One of plausible explanations on how TCBQ acts as an adhesion promoter is the controlling of zinc oxide formation. The optimum formation of zinc oxide can be controlled by TCBQ loading, resulted in the enhancement of adhesion. On the other hand, the deficient formation of zinc oxide to regulate the migration of materials at the interphase is generated by high loading of TCBQ. The lack of zinc oxide layer compensates the enhancement due to TCBQ loading, disappearing the positive contribution of TCBQ on the adhesion.
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TABLE 1. Rubber compound recipes.


  Material        Trade name          Manufacturer                 Content(phr)

 
Masterbatch
NR

SMR-100
Lee Rubber Co., Malaysia

80

BR

BR-01
Kumho Petrochem. Co., Korea

20

carbon black 
N351
Lucky Co., Korea

50

processing oil 
A#2
Michang Co., Korea

5

activator
ZnO
Hanil Co., Korea

10

antioxidant 
Kumanox-RD
Monsanto Co., U.S.A. 

1

Final Mixing
activator
Stearic acid
Pyungwha Co., Korea
1.5

TCBQ

Vulkor
Uniroyal Chem. Co., U.S.A.

var.

accelerator 
Santocure MOR
Monsanto Co., U.S.A.  
0.7

sulfur 

Crystex HS OT 20
Akzo Co., The Netherlands  
5


