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ABSTRACT – Chlorinated extremely-pressure (EP) 

additives have been used in ironing of stainless steels. 

However, chlorine-free oils are required because of 

environmental issues. Although the major replacements 

would be sulfurized compounds combined with 

overbased sulfonates, their ironing performance would 

be insufficient. This study showed the oils containing  

zinc dialkyldithiophosphate (ZDDP) as a supplement 

were superior in the ironing performance to the 

combination of merely sulfurized olefin and overbased 

calcium sulfonate. The study further investigated the 

influence of alkyl structures of ZDDP on the ironing 

performance and demonstrated lubricating films derived 

from ZDDP contributed to prevent galling.  

 

1. INTRODUCTION 

Oils with chlorinated extremely-pressure (EP) 

additives have widely been used in severe metal 

forming like ironing of stainless steels, because these 

additives are effective in the anti-galling performance. 

Environmental and safety issues demand to replace 

these oils and high performance chlorine-free oils are 

strongly required [1]. In practical chlorine-free oils, 

various alternative additives are used and, in particular, 

it has been well-known that sulfurized EP additives in 

combination with overbased sulfonates produces better 

results in cold forming than those provided by 

sulfurized EP additive alone [2].  

In this study, we propose using zinc 

dialkyldithiophosphate (ZDDP) as a supplement to the 

combination of sulfurized olefin and overbased calcium 

sulfonate within lubricating oils in order to improve the 

ironing performance. We prepare some ZDDPs with 

different molecular structures and evaluate the 

performance of those ZDDPs combined with sulfurized 

olefin and overbased sulfonate in cold ironing. We 

further used the X-ray photoelectron spectroscopy 

(XPS) technique to study the tribofilms that formed on 

metal contact surfaces during the ironing process and 

considered the composition of these lubricating films. 

 

2. METHODOLOGY 

2.1 Additives and test oils used 

The sulfurized olefin and calcium sulfonate used in 

this study are shown in Figures 1 and 2. These additives 

were commercial products. We prepared three kinds of 

primary ZDDPs and one secondary ZDDP. The 

chemical structures of ZDDPs are shown in Figure 3. 

Pri.C4 and Pri.C8 were synthesized products using 

dithiophosphoric acid. Pri.2EH and Sec.C6 were 

commercial products.  

A binary system oil (hereafter “binary oil”) was 

prepared by adding sulfurized olefin and overbased 

calcium sulfonate into a mineral base oil. The amounts 

were adjusted such that the sulfur content from the 

sulfurized olefin was 5mass%, and the total calcium 

content was 2.5mass%. A ternary system oil (hereafter 

“ternary oil”) was also prepared by blending each ZDDP 

into the binary system formulation so as to make the 

phosphorus amount 0.5mass%. The kinematic viscosity 

of all test oils was adjusted to 100mm2/s at 40oC. 

 

 
n = 3 - 8 

Figure 1 Structure of iC8 sulfurized olefin. 

 

 
Figure 2 Structure of overbased calcium sulfonate. 

 

 
Figure 3 Structures of ZDDPs. 

 

2.2 Burring test 

The ironing performance was evaluated using a 

burring test [3]. Figure 4 is the schematic illustration of 

this test. 0.5g of the test oil was applied with a dropper 

to the central hole of the workpiece. The ball was placed 

on this central hole. The blank-holding force was given 

to the workpiece while the punch pushed the ball down. 

The ironing performance was evaluated based on 

Penetration Energy abbreviated as “P.E.” and defined as 

the energy required to push the ball which penetrated 
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through the workpiece. The P.E. was calculated by 

integrating the record of the relationship between the 

punch stroke and the penetration load. The lower the 

value of P.E., the higher the performance of the test oil. 

 

 
Figure 4 Schematic illustration of burring test. 

 

2.3 XPS analysis 

Using XPS, we analyzed the surfaces of the 

workpieces after the burring test with the individual test 

oils. The analyses were carried out by AlKα X-ray 

source (1486.6eV). The scanning was operated using a 

spot size of 100μm. 

 

3. RESULTS AND DISCUSSION 

3.1 Burring test 

Figure 5 shows the results of the burring test. The 

ternary oils containing ZDDP presented the higher 

performance than that of the binary oil. Looking at the 

results of the ternary oils, we found that the ternary oil 

containing Sec.C6 provided the highest performance. 

The reason why secondary ZDDP was superior to 

primary ZDDP would be related to thermal 

decomposition characteristics. Generally, secondary 

ZDDP, which pyrolytically decomposes more easily 

than primary ZDDPs, forms lubricating film more 

effectively on the sliding surfaces. The same behavior of 

ZDDP was observed in the case of the ternary oils in 

this study. Looking closer at the results of the oils 

containing primary ZDDP, we saw that the performance 

was superior in the ranking of pri.C8, pri.2EH, pri.C4. 

Yaghisita et al. evaluated ZDDP alone and ZDDP 

combined with calcium compound [4]. They reported 

that the alkyl chains of straight type, rather than 

branched types, adsorbed more densely to metal 

surfaces, thus giving the adsorbed film with a greater 

load carrying capacity. Such phenomena may cause the 

difference of the performance between Pri.C8 and 

Pri.2EH ZDDPs in this study. Among straight chain 

types, Pri.C8 ZDDP was superior to Pri.C4 ZDDP 

because, as well known, the longer alkyl chain exhibits 

the better adsorption capacity.  

 

 
Figure 5 Results of the burring test. 

3.2 XPS analysis 

Figure 6 shows the ratios of sulfur, calcium and 

phosphorus to iron (S/Fe, Ca/Fe and P/Fe) on the 

workpiece surfaces analysed by XPS after the burring 

test in comparison between the binary oil and the 

Sec.C6 ternary oil. Although the S/Fe ratios were the 

same for both oils, the Ca/Fe ratio of the Sec.C6 ternary 

oil was higher than that of the binary oil. In addition, the 

P/Fe ratio was detected for the Sec.C6 ternary oil. These 

experimental facts suggest that, when ZDDP is 

combined with sulfurized olefin and overbased calsium 

sufonate, the lubricating film derived from calcium can 

be formed more and the additional formation of the 

lubricating film derived from phosphorus may occur. 

The ironing performance is therefore considered to be 

improved by these lubricating films. 

 

 
Figure 6 Ratios of sulfur, calcium and phosphorus  

to iron. 

 

4. CONCLUSION 

The ironing performance of the ternary oils 

containing ZDDP, sulfurized olefin and overbased 

calcium sulfonate was evaluated and those oils showed 

the higher performance than the binary oil composed by 

sulfurized olefin and overbased sulfonate. Further, the 

alkyl structures of ZDDP were related to the ironing 

performance and the performance was improved by the 

lubricating film derived from ZDDP. 
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