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INTRODUCTION

Rubber-metal adhesion plays a role for example in steel-belted car and truck tires.  During the cure process the adhesion between brass-coated steel cord and the green rubber compound takes place through the formation of some layers of copper and zinc sulfides and oxides1.  The adhesion mechanism is very complex.  The good adhesion is primarily dependent on the chemical composition and the surface structure of the brass, the adhesion interphase formed, the composition of the rubber compound, and the cure conditions (temperature, time, pressure etc.)2.  

So far, it is found that adhesion properties vary to a great degree depending on the condition or composition of the adhesion interphase because copper sulfides and other sulfides and oxides of copper and zinc are formed at the interphase by the reaction of copper and zinc with sulfur, oxygen or water.  Since the failure may possibly occur by the rubber adhered to the interphase, the physical properties of the rubber compound have also become the dominating factor in determining the adhesion property.  Accordingly, a number of studies for the optimization of the compound composition and cure condition have been carried out to strengthen the rubber at the interphase and to form a stable adhesion interphase.  

Also, the rubber physical property near adhesion interphase is very important. Generally, it is known that the crosslinking density of rubber near adhesion interphase is smaller than that of bulk rubber resulted in the formation of weak boundary layer.  The activated sulfur was consumed simultaneously not only in crosslinking of rubber compound but also in the formation of adhesion interphase during cure process.  In the rubber region near the adhesion interphase, the partly deficient state of activated sulfur occurred due to consuming sulfur for formation of adhesion layer and hindering the diffusion of sulfur from bulk rubber arising from the network formation of sulfur crosslinking.  Therefore, adhesion failure can proceed in the weak boundary layer in rubber near adhesion interphase.  

The present study concerns the effect of cure time (25%, 50%, 100%, 200%, 400% of t90 time) on the adhesion between brass-plated steel cord and rubber compounds.  The physical properties of a rubber compound, as well as the adhesion properties, were examined using the specimens cured at a predetermined cure time at constant cure temperature.  In addition, vulcanization of the rubber compound and thin brass film was carried out at various cure time to observe the role of the extent of cure on the adhesion interphase by AES.  Also, the extents of cure of adhesion samples of rubber near adhesion interphase and bulk rubber were measured using force modulation mode of AFM in order to confirm the magnitude of weak boundary layer.
EXPERIMENTAL

A rubber compound was prepared.  The basic formulation was shown in Table 1.  The rubber compound was mixed following the procedures described in ASTM D3184-80.  Mixing was carried out in two stages using an internal mixer (Farrel Co., Banbury Mixer model 82) with the capacity of 1.2 kg batch weight.  All the masterbatch components were mixed for 10 min at a rotor speed of 40 rpm and discharged at 150 oC.  After the masterbatch compound was cooled to room temperature, the final mixing components were mixed for 5 min at a rotor speed of 30 rpm and dumped at 90 oC.  After dumping, the batches were rolled into a sheet on a two roll open mill (Farrel Co., model MKIII).

In order to determine the cure time at 160oC, t90 time (time required to 90% crosslinking) of rubber compound was measured based on the rheocurve.  A Monsanto Rheometer (model Rheo-100) was used to obtain the rheocurve according to ASTM D-2084

Hardness of vulcanizates was measured using a Shore A durometer as described in ASTM D-2240, and tensile properties were determined by an tensile tester (Instron model 6021) according to ASTM D-412.  

All adhesion samples were cured at 160 oC for 25%, 50%, 100%, 200%, 400% of t90 min, respectively using a cure press (Osaka Jack Co. Ltd.).  The cured adhesion samples were placed in a humidity chamber for 5, 10, and 15 days under the condition of 85 oC temperature and 85% relative humidity.  Also, the adhesion samples were aged thermally at 90 oC.

A thin brass film with the Cu/Zn ratio of 65/35 was sputtered onto a glass plate (Menzenglasser, 7.6 mm x 26 mm) using a RF Magnetron sputter for 70 sec at 2 x 10-6 Torr . RF power was controlled to 400 W.  Thickness of the thin brass film was confirmed to be 180 nm using SEM (JEOL JSM 7400).  A brass-on-glass plate was sandwiched between two uncured pads of each rubber compound, which were then placed in a pad mold.  The test method of AES was described well in our published3.
In order to investigate adhesion characteristics on the cure time, pull-out force and rubber coverage of a brass plated steel cord to the rubber compound were measured using the T-test method according to ASTM D-2229.  The brass-plated steel cord (4 x 0.28) manufactured by the Hyosung T&C Co., Korea, was used.  The plating weight of brass on the steel cord was 3.6 g/kg and the copper content of the brass was 63.6%.  Pull-out force was determined as the maximum force exerted by the tensile tester (Instron model 6021) on a T-test sample during the pull-out test, with 10 mm/min of crosshead speed.  Rubber coverages were also noted.  Each value reported was an average of six specimens.

The extent of cure for the rubber compound near adhesion interphase was compared with that at bulk using force modulation mode of atomic force microscopy, an extension of atomic force microscopy imaging, which includes characterization of a sample’s mechanical properties.  Two sites were chosen for analysis; one was near the adhesion interphase, 120 m away from adhesion interphase, and the other was rubber bulk, 2 mm away from the adhesion interphase.  An AFM (Auto Probe M5 model, PSI Co., South Korea) tip was scanned in contact with the sample, and z feedback loop maintained a constant cantilever (V-shaped, 100 m in length, width 10 m, and 0.5 m in thickness).  In addition, a signal was applied periodically to the tip.  The analyzed area of rubber was 20 x 20 m2.  The amplitude of cantilever modulation that resulted from this applied signal normally varies according to the elastic properties of the sample.
RESULTS AND DISCUSSION
The influence of cure time on the adhesion properties of brass-plated steel cords embedded in the rubber compound is very large because it affects both the mechanical property of rubber stock and the adhesion interphase between the brass and rubber compound.  Thermal aging brings about deterioration in the adhesion property, but the extent of lowering is as large as that in the tensile strength of the rubber compound.

On the contrary, residual rubber coverage reduced to 85% after 15 days humidity aging of adhesion samples cured for four times of t90, and this drop in rubber coverage can not be fully explained by the mechanical strength of the rubber vulcanizate lowered by humidity aging (Table 2).  It can be attributed to the formation of an adhesion interphase, easily broken by humidity aging at prolonged cure time because extremely low rubber coverage indicates the occurrence of a rupture in the adhesion interphase.  That is, a drop in rubber coverage, can also result from the effect that the composition or components of the adhesion interphase vary with the cure time.

The formation of copper sulfide and zinc oxide can be confirmed with ease by the depth profiles obtained from the adhesion interphase between the rubber compound and the thin brass deposit film for copper, zinc, oxygen, and sulfur.  The formation of zinc sulfide can also be inferred by comparing the composition profiles for the over cure of adhesion samples.  The formation of these components varies with the cure time.  Prolonged cure time accelerates the formation of zinc sulfide and, for the adhesion samples cured for four times of t90, lots of zinc sulfide was formed to the extent that the depth profile curves of sulfur and copper were not coincident with each other.  Systematic study on the contribution of cure time to the adhesion or stability of zinc sulfide at the adhesion interphase has not been reported, however, stability of the adhesion interphase was probably interfered with the excessive formation of zinc sulfide.  It is because that the nonstoichiometric copper sulfide contributes to the rubber adhesion while the zinc oxide or zinc sulfide formed in a stable compound contributes little to the adhesion.  The zinc oxide or zinc sulfide layer grown excessively is readily ruptured when the metal zinc layer is destroyed by humidity aging.  The effect of the overgrowth of zinc sulfide is not remarkable during thermal aging which detracts mainly from the rubber property, however, humidity aging lowers the adhesion property especially the rubber coverage because the metal support layer disappears due to dezincification by moisture.

The extent of cure determined by force modulation mode of atomic force microscopy showed that the weak boundary layer of adhesion sample near adhesion interphase formed significantly with increasing cure time.  For all adhesion samples, the ratio of extent of cure of adhesion sample near adhesion interphase is smaller than that of bulk rubber.  With increasing cure time, the ratio of extent of cure for adhesion sample near adhesion interphase to that of bulk rubber decreased.  This phenomenon can be explained that prolonged cure time caused the postvulcanization in rubber bulk resulting in the increase of modulus whereas did the steric hindrance of sulfur diffusion into near adhesion interphase arisen from formation of sulfur crosslinked network.  The weak boundary layer formed on the rubber near the adhesion interphase will lead to the failure of adhesion.  

CONCLUSIONS

Cure time has a large effect on the adhesion between rubber compound and brass-plated steel cords because it affects both the physical property of the rubber compound and the conditions of the adhesion interphase.  With the adhesion system of the rubber stock and brass-plated steel cord used in the present study, the variation in the pull-out force of the adhesion samples could be interpreted by the changes in the physical property, especially in the tensile strength of the rubber compound, for the specimens having a stable adhesion interphase formed by cure time.  On the contrary, when the cure time was as prolong as four times of t90, rubber coverage became markedly lower because, in addition to the lessened rubber strength, the adhesion interphase is easily ruptured by humidity aging by which excessive zinc sulfide could be formed at the adhesion interphase, followed by dezincification.  Prolonged cure time of adhesion sample formed significantly the weak boundary layer near adhesion interphase leading to the cohesive failure of rubber layer. 
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Table 1. Composition of rubber compounds prepared.

Material           Trade name           Manufacturer             Content (phr)

Masterbatch
NR

SMR-20
Lee Rubber Co., Malaysia
100

carbon black 
N330
Lucky Co., Korea
55

processing oil 
A#2
Michang Co., Korea
3

activator
ZnO
Hanil Co., Korea
8

antioxidant 
Kumanox-RD1)
Monsanto Co., USA 
1

adhesion promoter
B-18S2)
Indspec Co., USA
2

adhesion promoter
Co stearate
Taekwang Chem. Co., Korea
0.5

Final Mixing
activator
Stearic acid
Pyungwha Co., Korea
1.5

accelerator 
Santocure MOR3)
Monsanto Co., USA  
0.6

sulfur 

Crystex HS OT 204)
Akzo Co., The Netherlands  
6

adhesion promoter
Cyrez-9645)
Cytec Co., USA
3


1) 2,2,4-trimethyl-1,2-dihydroquinone. 
2) resorcinol formaldehyde resin

3) 2-(morpholinothio)-benzothiazole sulfenamide.

4) oil treated insoluble sulfur 

5) hexamethoxymethylmelamine 65% + silica 35%
Table 2. Pullout force and rubber coverage of adhesion samples with different cure time.

Times of t90         Pullout force (N)                   Rubber coverage (%)

             Unaged   Thermal1)   Humid2)        Unaged   Thermal   Humid 


  0.25
530
385
336
20
90
75

  0.50
662
441
393
90
100
85

 1.00
675
506
371
100
100
80

  2.00
634
482
334
100
90
75

  4.00
560
430
312
90
85
70


1) The adhesion samples were thermally aged for 15 days at 90 oC
2) The adhesion samples were humidly aged for 15 days at 85 oC and 85% R.H..

