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Abstract 

In production of stainless steel seamless tubes through cold pilgering, lubrication is 
mainly accomplished by means of chlorinated paraffin lubricants.  Due to 
environmental, economic and health reasons these lubricants have to be replaced. The 
current method for evaluating new cold pilger lubricants is full scale trials in cold pilger 
mills. The main aim of this work has been to investigate the possibility of evaluating 
cold pilger lubricants by using some laboratory scale tribological test methods. The 
results have shown that a linear reciprocating test using cylinder-on-disc configuration 
with specimens made from tube and tool material has potential in screening cold pilger 
lubricants. A sliding four-ball test was not suitable owing to difference in material pairs 
and lack of resemblance in the test configuration compared to the real process. 
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1 INTRODUCTION 

Cold pilgering is a metalworking process which is used for production of seamless 
tubes. A schematic of this process is given in Figure 1. The process involves reduction 
of the outer diameter and wall thickness of an extruded tube thereby facilitating the 
production of longer tubes with close dimensional tolerances. The process involves a 
pair of rollers and a mandrel. The rollers are for reducing the outer diameter of the tube 
and are also fitted with tapered grooves to allow the tube to be fed and rotated at the end 
of each roller stroke. The mandrel is a circular rod which is placed inside the tube and 
has one tapered end which, in conjunction with the rollers, enables in reducing the wall 
thickness of the tube. During operation the rollers are reciprocated back and forth over 
the tapered section of the mandrel and at the end of each stroke the tube is fed and 
rotated by a small angle to ensure even reduction. Cold pilgering provides benefits such 
as close tolerances of inner and outer diameter, good surface finish and very good 
mechanical properties. Since the normal area reduction of the tube lies between 60 – 
85% it is evident that there is severe plastic deformation which generates a lot of heat. 
The process obviously requires lubrication to work properly and both the rollers and the 
mandrel have to be lubricated individually. The external lubrication provides lubrication 
of the roller-tube interface and also removes some of the heat generated during 
pilgering. The internal lubrication lubricates the mandrel-tube interface and prevents 
seizure (or galling) of these surfaces. A common problem in cold pilgering is the 
occurrence of adhesive transfer of material from the tube to the mandrel which leads to 
damage on the inner surfaces of of the tubes. 
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Figure 1. Schematic of the cold pilger process. 

Stainless steel seamless tubes are commonly produced through cold pilgering. Due to 
the above mentioned reasons as well as the fact that stainless steel is difficult to lubricate 
due to its passivating surface layers, chlorinated paraffins are often used for lubrication. 
These lubricants are environmentally hazardous, potentially carcinogenic and very 
expensive to dispose-off.  This obviously calls for new environmentally adapted 
lubricants having equivalent or even superior performance. Today, the most common 
way to evaluate new lubricant formulations is through full scale trials which are highly 
expensive and time consuming thereby resulting in enormous production and economic 
losses. These full–scale tests can also cause damage to the expensive cold pilger mill 
systems. The published literature pertaining to tribology in cold pilgering is very scarce. 
Baensch [1] and Stapleton [2] have described the cold pilgering process in great details 
but have touched upon the lubrication aspect very briefly despite its enormous 
significance. There is hardly any publication related to tribological aspects of cold 
pilgering of stainless steel in the open literature. Some work has however been carried 
out by Montmitonnet et al. [3] who investigated the internal surface roughness of cold 
pilgered zircaloy tubes. They looked at how the roughness is influenced by tool design 
and lubrication and concluded that a higher roll force gives a higher concentration of 
plateaux on the surface. This in turn increases the risk of surface damage on the inside 
of the tool when the concentration of plateaux exceeds some critical limit. Finally they 
also mention the need for improved and optimised lubricants. In another study, 
Andreasen et al. [4] performed a screening of different lubricants for ironing of stainless 
steel by using a strip reduction test and looked into several aspects such as lubricant film 
breakdown, galling and scratching. The found that amongst different lubricants, the 
chlorinated paraffin oils showed the best performance and emulsions the worst. They 
also found that the tool rest temperature and amount of reduction significantly 
influenced the threshold sliding length before galling occurred. Lazzarotto et al. [5] 
proposed a methodology for lubricant selection in cold metal forming processes. They 
used the mean Coulomb’s friction coefficient, sliding length before the onset of damage 
and the final surface roughness as criteria for evaluating the performance of different 
lubricants in an upsetting sliding test. They reported that the lubricants containing EP-
additives performed the best with respect to these parameters. Bay et al. [6] have 
compiled several years of research into various methods for lubricant testing in sheet 
metal forming. They have divided the tests methods into two categories; process tests 
and simulative tests. The process tests are characterised by very similar kinematics as 
the actual process. The simulative tests on the other hand are tests that closely model the 
tribological conditions in a given process with the aim of studying the friction and wear 
characteristics under more controlled conditions. Their results show that there are 
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substitutes to chlorinated paraffin oils that can provide equal or better performance when 
forming stainless steel.  

In view of the facts that full scale trials are time consuming and expensive as well as the 
lack of knowledge in the field of tribology and cold pilgering, the authors have 
systematically investigated the suitability of some laboratory scale tribological tests for 
evaluating the tribological performance of several cold pilgering lubricants. Some 
selected lubricants that perform best in these laboratory screening can then be selected 
for full scale trials. This approach will also enable in better understanding of the 
tribological aspects of the cold pilgering process. 

2 EXPERIMENTAL WORK 

2.1 LUBRICANT SAMPLES 

A brief description of different lubricants selected for this study is given in Table 1. 
Some of these lubricants are presently used in the cold pilgering process whereas some 
are new experimental formulations. Most of the lubricants contain extreme pressure 
(EP)-additives based on chlorine and sulphur. Lubricant L3 is a blend of L1 and L2 
(inner and outer lubricants) taken from an actual pilger mill. Lubricant L9 does not 
contain any EP additives and was chosen as reference lubricant which does not work in 
cold pilgering. 

Table 1. Lubricants included in this study. 
Lubricant EP additive Comment

L1 Chlorinated paraffin Internal lubricant with limestone filler 
L2 Chlorinated paraffin External lubricant 
L3 Chlorinated paraffin Blend of L1 and L2 
L4 Sulphur Trial internal lubricant 
L5 Unknown Trial internal lubricant 
L6 Unknown Trial internal lubricant 
L7 Sulphur Internal lubricant 
L8 Sulphur External lubricant 
L9 None Strip rolling lubricant with lauric acid 

2.2 TRIBOLOGICAL TEST RIGS 

In this work, two different laboratory test rigs were employed. One with linear 
reciprocating motion and the other with unidirectional motion. In the first study, an 
Optimol SRV reciprocating friction and wear tester was used in which an 
electromagnetic drive oscillates an upper specimen under normal load against a 
stationary lower test specimen. The load is applied by a spring deflection mechanism. 
The lower specimen block incorporates a cartridge heater which enables tests to be 
performed at temperatures up to 900 °C. A computer control system enables accurate 
control of the applied load, temperature, stroke length and frequency of the oscillatory 
movement. The lubricant is added in drops directly onto the disc surface. The data 
acquisition system records friction, temperature, load, frequency and stroke length 
during the test. The test specimens used in the reciprocating tests were discs (Ø24 mm 
and 7.9 mm height) made from mandrel material and cylinders (Ø15 mm and 22 mm 
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length) made from duplex stainless steel tubes. Some tests were also conducted by using 
Ø10 mm austenitic stainless steel ball-bearing ball instead of the upper cylindrical 
specimen. The test parameters used in this study are listed in Table 2.  

In the second study, a rotary tribometer equipped with a sliding four-ball test assembly 
was employed. It uses an electric motor to drive a spindle where the rotating ball is 
placed. The three stationary balls are clamped in a cup, which holds the lubricant, which 
is placed on a horizontal beam mounted on two linear guides. The beam can be moved 
vertically by means of pneumatic bellow which applies the normal load. A heater is 
located under the cup for elevated temperature tests. The control and data acquisition 
systems enable accurate control and measurement of friction force, normal force, speed 
and lubricant temperature. In the sliding four-ball tests, standard AISI 52100 high-grade 
bearing steel balls of Ø 12.7 mm (½ in.) were used. The test parameters used in this 
study are listed in Table 2. 

The nature of wear and resultant surface damage was investigated by using a 3D optical 
surface profiler and SEM/EDS technique. 

Table 2. Test parameters used in these studies 
Test parameters Value

Reciprocating seizure tests
Load Stepwise to 2000 N
Temperature 70°C and 150°C
Stroke 1 mm
Frequency 15 Hz
Time 20 min
Reciprocating wear tests
Load 200 N
Temperature 70°C and 150°C
Stroke 1 mm
Frequency 15 Hz
Time 60 min
Four-ball EP  tests
Load 785 N and stepwise increase
Speed 1770 rpm
Temperature Initially R.T.
Four-ball wear  tests
Load 392 N
Speed 1200 rpm
Temperature 70°C

2.3 TEST PROCEDURE 

Reciprocating tests 

The test specimens were cleaned in petroleum spirit and acetone in an ultrasonic cleaner 
in two steps prior to testing. The cylinder-on-disc tests was performed at 70 ºC and 
150 ºC. Both seizure tests, with step loading, and wear tests at a constant load were 
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conducted. In the case of-ball-on disc, only wear tests with a constant load were 
performed. 

Sliding four-ball tests 

The same cleaning procedure was utilised as previously described and in this case the 
cup assembly was also cleaned to ensure that no mixing occurred between the different 
lubricants. The wear tests were performed according to the ASTM D4172 standard and 
the EP-tests was partly based on the ASTM D2783 standard but modified to have a 
different loading sequence. One sequence had a continuously increasing load until 
welding occurred and the other sequence utilised incremental loading from the initial 
load and according to the loads described in the ASTM D2783 standard. The duration at 
each load was set to 10 seconds. 

3 RESULTS AND DISCUSSION 

3.1 RECIPROCATING SEIZURE TESTS 

Figure 2 shows the friction characteristics of different lubricants from the tests 
performed at 70 ºC by using the cylinder-on-disc configuration. The chlorinated 
paraffins have shown the most stable frictional behaviour without any seizure 
tendencies, Figure 2 (a). L1 and L3 have a very similar behaviour with an increase in 
friction halfway through the test. Most of the other lubricants in Figure 2 (b) and (c) 
have indicated seizure tendencies with the exception of L4 and L5. At the higher 
temperature of 150 ºC, the chlorinated paraffins still show a better performance although 
the increase in friction appears sooner in the test as seen in Figure 3 (a). The other 
lubricants show even more severe seizure tendencies, Figure 3 (b) and (c), and some 
tests prematurely stopped due to seizure. 
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Figure 2. Coefficient of friction as a function of time at 70 ºC for (a) chlorinated 
paraffin oils and (b) and (c) lubricants with sulphur based EP-additives and lubricant 

without EP-additives from tests with cylinder-on-disc configuration (Load: incremental, 
Stroke: 1 mm, Frequency: 15 Hz, Duration: 20 min ) 
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Figure 3. Coefficient of friction as a function of time at 150 ºC for (a) chlorinated 
paraffin oils and (b) and (c) lubricants with sulphur based EP-additives and lubricant 

without EP-additives from tests with cylinder-on-disc configuration (Load: incremental, 
Stroke: 1 mm, Frequency: 15 Hz, Duration: 20 min ) 

In the tests involving ball-on-disc configuration, the friction characteristics at 70 ºC for 
L1 and L3 are again very similar but this time there is no increase during the test. L2 
shows some seizure tendencies, Figure 4 (a). Lubricants L5 and L6 show a good initial 
behaviour but are marked by some frictional instability later on during the test. The 
other lubricants show severe seizure tendencies. As seen in Figure 5 (a), the chlorinated 
paraffins have a very similar behaviour as compared to that at the lower temperature. 
This is also the case for the other lubricants shown in Figure 5 (b) and (c) although an 
increased frictional instability is noticed in some cases. 
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Figure 4. Coefficient of friction as a function of time at 70 ºC for (a) chlorinated 
paraffin oils and (b) and (c) lubricants with sulphur based EP-additives and lubricant 
without EP-additives from tests with ball-on-disc configuration (Load: incremental, 

Stroke: 1 mm, Frequency: 15 Hz, Duration: 20 min ) 
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Figure 5. Coefficient of friction as a function of time at 150 ºC for (a) chlorinated 
paraffin oils and (b) and (c) lubricants with sulphur based EP-additives and lubricant 
without EP-additives from tests with ball-on-disc configuration (Load: incremental, 

Stroke: 1 mm, Frequency: 15 Hz, Duration: 20 min ) 

3.2 EXTREME PRESSURE ADDITIVE TESTS USING SLIDING FOUR BALL TESTS 

These tests were conducted with a view to evaluate the EP-additive performance of cold 
pilger lubricants by using a modified ASTM D2783 standard. The results from the tests 
performed with continuous ramp and incremental loadings are shown in Figure 6. The 
results are very similar when comparing the two different loading methods. The best 
performance in these tests is obtained with lubricants that do not contain any chlorine 
(L5 and L7). Lubricants L1 and L3, which showed very good performance in the 
reciprocating tests, resulted in very low seizure loads. This can be attributed to different 
material pairs (self-mated bearing steel compared to stainless steel-tool steel) in 
combination with the filler particles which can have a negative effect in these tests.  
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Figure 6. Weld loads for the evaluated lubricants from EP-tests performed with both 

linear and incremental loading. (load: incremental and linear, speed:1770 rpm, 
duration: until seizure ) 
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3.3  WEAR BEHAVIOUR 

Reciprocating ball-on-disc tests 

As seen in Figure 7 and 8, the stainless steel ball experiences higher wear rates 
compared to the discs during tests at both 70 ºC and 150 ºC. This is expected since the 
ball is softer than the mandrel tool material. In the case of lubricants L1 and L2, which 
are chlorinated paraffins, the wear rates are quite similar at the two test temperatures 
although a slight increase in mandrel wear has been observed for L2 at 150 ºC. In all 
other cases, wear on the stainless steel ball increased at 150 ºC. Wear on the disc 
specimen hardly changed at the upper temperature. Among the lubricants that contains 
alternative EP-additives (compared to chlorine), lubricant L6 shows the best 
performance at both temperatures while considering the wear of both specimens. A 
transfer from the stainless steel ball to the disc has also been observed in some cases 
which can be seen as a negative wear rate in Figure 7.  
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Figure 7. Specific wear rates from reciprocating ball on disc tests at 70ºC. (Load: 

200 N, Stroke: 1 mm, Frequency: 15 Hz, Duration: 60 min). Note the difference in y-
axis scales. 
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Figure 8. Specific wear rates from reciprocating ball on disc tests at 150ºC. (Load: 

200 N, Stroke: 1 mm, Frequency: 15 Hz, Duration: 60 min). Note the difference in y-
axis scales. 

 

 

Reciprocating cylinder-on-disc seizure tests 

The worn surfaces of the cylinder and disc specimens from reciprocating tests were 
analysed by 3D optical surface profiler and SEM/EDS techniques. Figure 9 shows the 
worn surfaces after tests with lubricant L1 at 70 ºC and 150 °C respectively. The worn 
disc surface (mandrel material) is characterised by galling i.e. material transfer from the 
stainless steel cylinder specimen (tube material). The cylinder specimen is characterised 
by some deeper grooves in the middle region of the wear scar possibly from interaction 
with hard transferred material (deformation hardened and/or oxidised).  The SEM/EDS 
analysis confirmed the presence of chlorine in the wear scars indicating the formation of 
an EP tribofilm, Figure 10. Lubricant L4 shows somewhat more severe surface damage 
as seen in the micrographs in Figure 11. EDS analysis revealed that an EP tribofilm is 
formed in this case as well but it contains sulphur instead. 
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Figure 9. 3D optical surface profiles of worn surfaces from cylinder-on-disc tests with 

lubricant L1 of (a) disc at 70°C, (b) cylinder at 70°C, (c) disc at 150°C and (d) cylinder 
at 150°C. 

  

  
Figure 10. SEM micrographs and related EDS spectra of (a) cylinder and (b) disc from 

test with lubricant L1 at 150°C. 
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Figure 11. SEM micrographs and related EDS spectra of (a) cylinder and (b) disc from 
test with lubricant L4 at 150°C. 

 

Sliding four-ball tests 

The wear results from the sliding four-ball tests show a totally different behaviour 
compared to those from reciprocating tests. As seen in Figure 12, the lubricants 
containing higher amounts of EP-additives (L1 – L6) have shown poor wear preventive 
characteristics compared to the lubricants with lower concentration and/or absence of 
EP-additives (L7 – L9). This can be due to the fact the energy into the contact is not 
enough to activate the EP additives resulting in higher wear. An interesting observation 
is that L3, which is a mix of L1 and L2 and used in production before testing, shows 
better performance than L1 and L2. 
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Figure 12. Average wear scar diameters from sliding four-ball tests.(Load: 392 N, 

Speed: 1200 rpm, Duration: 60 min, Temperature: 70 ºC) 

 

3.4 RANKING OF LUBRICANTS 

To evaluate the two test methods, a qualitative ranking of the performance of the 
lubricants were made based on the obtained results. This was then compared to a 
lubricant ranking based on the performance in actual pilger mill. In the wear tests the 
lubricants were evaluated based on wear scar diameter (four-ball tests), friction 
(reciprocating tests), weight loss (reciprocating tests) and resulting surface damage 
(from both the test methods). In the seizure/extreme pressure additive tests the lubricants 
were ranked based on friction, weld/seizure load and frictional behaviour (reciprocating 
tests). The lubricants were given a grade between 1 to 5 where 5 is the highest and 1 is 
the lowest. The rankings are given in Table 3.  
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Table 3. Ranking of the different lubricants based on performance in laboratory 
tribotests and actual pilger mill. 

Lubricant Cyl-on-
disc test 

Ball-on-disc 
tests 

Ball-on-disc 
wear 

Four-ball 
EP tests 

Four-ball 
wear tests 

Cold 
pilger 
mill 

L1  4.5 4.5 4 2 3.5 5 
L2  3.5 3.5 5 4.5 2.5 4.5 
L3 5 5 2.5 2 4 4.5 
L4  2 2.5 4.5 4 2.5 3.5 
L5  4 4 3.5 5 1 - 
L6  3 3.5 2.5 4 2.5 - 
L7  2.5 3 3 4.5 4.5 4 
L8  3 2 2 4 4 - 
L9  1 1 1 1 5 1 

The reciprocating cylinder-on-disc test results correlates very well with the ranking 
regarding the seizure preventive characteristics obtained from the actual cold pilger mill 
trials. Further, these laboratory tests are able to reproduce similar modes of surface 
damage and material transfer. 

The reciprocating ball-on-disc results also show very good correlation to that obtained 
from actual cold pilger mill results even though the material combination is not exactly 
identical to the actual one. 

The reciprocating wear results correlates to some extent to real results. This is in view of 
the fact that actual ranking is not based on wear. 

The four-ball EP tests correspond to some extent to the ranking obtained from cold 
pilger mill trials. The reasons for the lack of good correlation is mainly due to the use of 
different test specimen material and contact conditions in laboratory tests vis a vis the 
actual cold pilgering process. 

The four-ball wear ranking does not correspond well to that of cold pilger mill trials. 
One of the reasons for this lack of correlation may be attributed to the fact that actual 
cold pilger mill ranking is not based on wear. Further the differences in ranking may 
also be due to the use of different test specimen material during the laboratory test and 
the test method may not reproduce actual cold pilgering conditions. 

4 CONCLUSIONS 

Two different standard tribological test methods have been used to evaluate the 
possibility of screening cold pilgering lubricants in laboratory environment. The test 
methods included reciprocating cylinder-on-disc and ball-on-disc tests as well as sliding 
four-ball tests. The salient conclusions based the results are as follows: 
• It is possible to carry out screening tests of cold pilger lubricants using standard 

tribological tests. 
• A linear reciprocating sliding test using a cylinder-on-disc configuration with 
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specimens made from real tube and mandrel materials has been found to be suitable 
in ranking the performance of cold pilgering lubricants. 

• A sliding four-ball test with standard bearing steel balls is inadequate in evaluating 
the tribological performance of cold pilgering lubricants, mainly due to different 
material pairs and test configuration.  

• These results have also shown that there are possibilities to replace exiting 
chlorinated paraffins with more environmentally adapted lubricants.  
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