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INTRODUCTION
Brass-plated steel cords inserted in the belt and carcass of tires has long been used as a reinforcing material to enhance the structure-maintaining function.  Brass plating on steel cords 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.  Copper and zinc also react with oxygen and water in rubber, forming copper zinc oxides.  Therefore, the adhesion interphase is very complex in terms of components and content, so good adhesion can be achieved when the adhesion interphase is formed with a sufficient thickness and a stable structure. 

Major components of the adhesion interphase are sulfides, oxides and hydroxides of copper and zinc1.  Adhesion becomes weak when copper sulfide is not sufficiently grown at the interphase, but the excessive growth of copper sulfide or zinc oxide brings about their own cohesive failures2.  Thus the optimum growth of copper sulfide is essential to form a large contact interface between the rubber and the brass, resulting in good adhesion.  Several reagents such as cobalt salt, resorcinol formaldehyde resin and methylene donor are used as adhesion promoters to enhance the migration of copper, forming the necessary amount of copper sulfide at the adhesion interphase. 

Several tire manufacturers have incorporated p-hydroxy benzoic acid (POB) into rubber compounds as an organic adhesion promoter.  But almost nothing has been reported thus far about its role in enhancing the adhesion between the rubber compound and brass-plated steel cord. 


The interaction between benzoic acid and copper is well known.  The formation of the copper complex between the π electrons of benzoic acid and copper has been studied by means of thermal, spectroscopic and magnetic studies3.  

The effect of POB on the adhesion property between the 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.  The pull-out force and rubber coverage of a rubber compound incorporated with POB were compared to those of a POB-free compound.  Influences of humidity aging as well as POB concentration on the adhesion property of POB-contained rubber compounds were also carefully observed.  Also, the adhesion interphases which were simulated using the insertion of filter paper between rubber compound and brass plate were determined by AES being used in order to interpret the adhesion properties4.
EXPERIMENTAL

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

The loading amounts of POB were varied at 0, 0.5, 1.0, 2.0, and 4.0 phr.  All the rubber compounds were mixed as described in ASTM D-3184 using an internal mixer (Banbury Mixer model 82, Farrel Co., USA).  Ingredients for the masterbatch were mixed for 10 min at a rotor speed of 40 rpm and discharged at 150 oC.  After the masterbatch had cooled to room temperature, the final mixing components were mixed for 5 min at 30 rpm and discharged at 90 oC.  After mixing, the compounds were carefully remilled into flat sheets on a two-roll mill (model MKIII, Farrel Co. USA). 

Rheocurves were recorded using a Monsanto Rheometer 100 at 160 oC.  The t90 time and maximum torque were determined from the rheographs.  Mooney viscosity was also obtained using a Monsanto MV-200 according to ASTM D-1646.  Hardness of vulcanizates was measured using a Shore A durometer according to ASTM D-2240, and tensile properties by a tensile tester (model 6021, Instron, USA) according to ASTM D-412.

By the procedure described in ASTM D-2229, T-test specimens were cured at 160 oC on a cure press.  Curing and aging of adhesion samples was the same as the previously published paper2.  Pull-out force was determined as the maximum force exerted by the tensile tester on the T-test adhesion sample during the pull-out test, with 10 mm/min of crosshead speed.  Rubber coverage was also noted. 

A thin brass plate with Cu/Zn ratio of 65/35 was covered with filter paper (pore size; 5 m, catalog no 142 50, Milliopore Co., USA), then sandwiched between two uncured pads of rubber compound, and then placed in a pad mold4.  Curing and aging conditions for the rubber compound/brass plate samples were the same as in the preparation of the T-test specimens.  After the various treatments, surface analysis samples for the adhesion interphase was obtained by peeling away the filter paper.  Depth profiles from the interface contacted with the rubber compound to the bulk of the brass were recorded on an Auger spectrometer (Perkin-Elmer Phi 670).  The sputter rate for the brass film was calibrated to be 4 nm/min.  The morphology of the adhesion interphase for brass surfaces adhered to the rubber compound with a filter paper at the interface between brass plates and rubber compounds varied with the POB loading, was studied using scanning electron microscope (JEOL JSM 7400, Japan). 

RESULTS AND DISCUSSION

The change in the adhesion properties of the rubber compound with brass-plated steel cord was larger with the incorporation of POB into the rubber compared to that of the physical properties.  Table 2 shows the pull-out force and rubber coverage of the POB-incorporated rubber compounds after humidity aging.  The data after humidity aging treatments of 5 days and 10 days were not shown for clarity.  There were considerable increases with POB loading in the pull-out force and rubber coverage at the unaged state.  The pull-out force increased regardless of the loading amount from 400 N to 600 N with 0.5∼4.0 phr of POB loading.  Rubber coverage showed the same trend as similar to the pull-out force.  The enhancement with POB loading in the adhesion properties at the unaged state was considerable, but higher loading above 0.5 phr did not bring about any further enhancement.


Humidity aging deteriorates adhesion properties.  Long aging brings about poor adhesion.  After humidity aging for 15 days, the pull-out force decreased, but the decreasing amount was small for the POB-incorporated rubber compounds with 0.5∼1.0 phr.  The pull-out forces of the rubber compounds with higher loading of POB with 2.0∼4.0 phr showed similar pull-out forces to the POB-free rubber compound.  But rubber coverage showed different behavior from that of the pull-out force.  With humidity aging, rubber coverage increased for the POB-free rubber compound.  The increase in adhesion properties is occasionally observed with aging treatment due to the further cure at aging period, because the optimum cure for a rubber compound has been usually set at 90% of the complete cure.  Otherwise, rubber coverages for the POB-incorporated rubber compounds were lower than that of the POB-free rubber compound after humidity aging of 15 days.  The higher loading of POB brought about greater deterioration of rubber coverage with humidity aging.

The formation of an adhesion interphase between the POB-incorporated rubber and the brass plate can be monitored from the adhesion sample with a filter paper placed at the interface.  Since filter paper does not adhere either the rubber or brass, the brass plate is easily detached from the rubber compound after cure.  At the outer surface of the brass plate adhered on the POB-free rubber compound, copper and sulfur were detected.  Beneath these elements, zinc and oxygen were detected.  After 70 min of sputtering, contents of copper and zinc were constant with depth, indicating non-reacted brass. 

The contents of copper and sulfur at the outer surface became weak on the POB-incorporated rubber compounds.  A shoulder of the copper peak was observed at the adhesion interphase adhered to the rubber compound with 0.5 phr of POB, but copper content decreased significantly at the outer surface of those with 1.0 phr and 4.0 phr of POB.  On the contrary, zinc and oxygen peaks were observed at the outer surface of the brass plate rather than copper and sulfur peaks after cure.  This indicates that the incorporation of POB induces the depletion of copper at the outer surface of the brass plate and the depletion of copper increased with the loading amount of POB.  Since POB interacts strongly with copper 3, the migration of copper to the rubber side is accelerated with POB loading.  

The zinc profile was similar to the oxygen profile at the outer surface, regardless of POB incorporation, suggesting the formation of zinc oxide.  However, the detected depth and the amount of zinc oxide varied with POB incorporation.  With an increase in the loading amount of POB, the detected depth of zinc oxide shifted to the outer surface and the content of zinc oxide on the brass decreased.  A very small peaks of zinc and oxygen were detected at the outer surface with carbon on the brass side adhered on the rubber compound with 4.0 phr of POB.  The fast migration of copper to the rubber side makes voids at brass side, inducing the shift of zinc to the outer surface and activating zinc due to the loss of bonded copper.  Therefore, the formation of zinc oxide at the adhesion interphase is accelerated and brings about fatigue easily, resulting in the lowering of the retained amount of zinc oxide at the adhesion interphase.

Humidity aging is a considerably effective way to investigate the degradation of adhesion properties due to the change in the adhesion interphase, compared to thermal aging which induces mainly the decline of physical properties of the rubber compound.  Fig. 3 shows the depth profiles of the humidity-aged adhesion interphases formed on the brass side adhered to rubber compound.  Copper and sulfur peaks at the outer surface were intensified with an increase in the loading amount of POB.  Intense peaks of copper and sulfur were observed on the outer surface of the brass plate adhered to the rubber compound with 4.0 phr of POB.  The contents of zinc and oxygen at the adhesion interphase decreased with an increase in the POB loading, indicating that dezincification was severe with high loading of POB during humidity aging.  The migration of copper was accelerated by POB loading is certain during curing process.  The enhancement of zinc activity due to the loss of bonded copper brings about a severe dezincification in humidity aging treatments, resulting in the low contents of zinc and oxygen at the adhesion interphase of the rubber compounds with a high loading of POB.  The role of zinc oxide is suggested as a migration retarder for reacting species across the interface between rubber and brass.  The suppression of the migration improves the stability of the adhesion interphase.  The severe dezincification after humidity aging at the adhesion interphase with high loading of POB weakened the resistance for the migration of sulfur and other reactive species, forming a large amount of copper sulfide at the outer surface of the brass side.

The depth profiles of the humidity-aged adhesion interphase for the POB-incorporated rubber compounds with the brass plates were considerably different from the unaged ones, in contents of copper sulfide and zinc oxide at the outer surface of the brass plate.  In the unaged sample, copper was depleted from the outer surface by POB loading into the rubber, but losses of zinc and oxygen were significant after humidity aging.  Depletion and accumulation of surface components with POB loading was different before and after humidity aging.  This can be explained by a strong interaction between POB and copper.  The acceleration of copper migration to the rubber will be helpful in the formation of copper sulfide, which is the major component of the adhesion interphase between the rubber compound and brass.  In the unaged sample, copper was depleted by POB, but high reactivity of zinc with water induced a severe dezincification in humidity aging, causing a high accumulation of copper sulfide at the adhesion interphase.
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Table 1. Composition of rubber compounds prepared.


Material           Trade name          Manufacturer                Content

                                                                  (phr) 

Masterbatch
NR

SMR-10
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., USA 
1

adhesion promoter
POB
Ueno Chem. Co., Japan.         varied

Final Mixing

activator
Stearic acid
Pyungwha Co., Korea
 1.5

accelerator 
Santocure MOR
Monsanto Co., USA 
 0.7

sulfur 

Crystex HS OT 20
Akzo Co., The Netherlands  
5


Table 2. Pullout force and rubber coverage of adhesion samples with POB loading.


POB                Pullout force (N)                    Rubber coverage (%)

Loading (phr)      Unaged        Humid1)              Unaged         Humid   



0
388
311
35
60


0.5
563
449
80
55


1
569
457
80
50


2
593
320
70
45


4
563
242
75
35


1) The adhesion samples were humidly aged for 15 days at 85 oC and 85% R.H..

