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ABSTRACT 

It is known that the tool life for hot steel rolling extends ten times as long as that of conventional tool 
when the surface is reinforced by NbC powder using a Plasma-Transferred-Arc (PTA) welding 
technique[1].  The reinforced tool is also applicable to stainless steel or Titanium [2] but the mechanism 
operating on the surface for elongating the tool life has not been clarified yet.  The authors have 
made clear the influences of size and fraction of NbC particle in the parent powder mix for PTA on 
the wear resistant characteristics of the reinforced tool.  In the course of the past investigation it has 
been estimated that NbC grains on the tool surface may reveal lubricity when the tool is used at high 
temperature.  In the present work attention is focused on the characterization of the surface of NbC 
grain on tools surface when it is exposed to high temperature.  NbC changes to Nb2O5 at high 
temperature and Nb2O5 shows high lubricity.  On the second stage of investigation attention is 
focused on the estimation of friction coefficient of Nb2O5 at high temperature.  Elastic-plastic FEA is 
carried out on hot sheet rolling using Nb2O5 as lubricant.  When no lubricant is applied on both 
surfaces of sheet the geometry of rolled sheet is flat, but when a lubricant is applied on one side of 
the sheet the rolled sheet curls exposing the lubricated side toward the outside depending upon the 
intensity of the coefficient of friction.  The result of laboratory experiment showed that the value of 
friction coefficient of Nb2O5 is almost the same as that of graphite.  The experimental result is 
compared to the result of FEA in order to estimate the value of the coefficient of friction.  The 
estimated value is 0.15 when the coefficient of friction of ordinary hot rolling is 0.3. 
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Summary. Elastic-plastic FEA was carried out on a tension test of a sheet specimen in order 
to investigate the non-uniformity of stress and strain distributions.  Attention was focused on 
the propagation mechanism of these non-uniform distributions that directly affects the 
precision of measured stress and strain and also on the transition of rupture point on the 
specimen according to the progress of the test.  Analytical result showed that the length of 
parallel portion is the only factor that influences the uniformity of stress and strain among 
geometrical parameters.  Compared to the ordinary specimen geometry specified by Japanese 
Industrial Standards (JIS) specimen with shorter parallel portion showed stability in 
suppressing the non-uniform distributions of stress and strain.  A series of experiments was 
followed to check the validity of this result and also to propose a new geometry of specimen.  
The experimental result showed that the new specimen with a half parallel length well 
suppresses the occurrence of rupture in the vicinity of gauge point and ensures the centre 
rupture. 

 
 
1 INTRODUCTION 

Tension test is a most commonly used mechanical testing of materials and the geometry of 
specimen has been specified by industrial standard by each country such as JIS or by 
international standard such as ISO.  The specimens were designed so as to ensure the 
uniformity of measured stress and strain in tension test.  However, it was presented that there 
is a case when non-uniform distribution arises [1], [2].  Precise investigation on the propagation 
mechanism of these non-uniformities showed that a peak of stress appear in the vicinity of 
shoulder portion at the beginning of testing and the peak moves near to the gauge point in 
accordance with the progress of testing and finally to the specimen centre in the end [3].  This 
result suggested that the peak shift might be one of the major causes of instability of rupture 
point in tension test.  FEA was carried out to propose a new specimen geometry that well 
suppresses the instability of rupture point in tension test followed by a validation test. 
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2 ANALYSIS 
The specimen adopted for the present purpose was JIS-5 of which geometry is given in Fig. 

1.  It was a sheet specimen and the thickness was 1mm.  The symmetry of specimen was 
taken into consideration and only a quarter of the specimen was subjected to FEA.  Because it 
was a sheet specimen plane-stress analysis was applied.  The element adopted was a 4-noded 
2D linear quadrilateral element.  The code used for FEA was ELFEN developed at University 
of Swansea.  It was assumed that the material was a carbon steel.  The values of Young’s 
modulus and Poisson’s ratio were 200GPa and 0.15 respectively.  In the plastic region the 
material was assumed to follow the n-power work-hardening rule shown by equation (1) and 
in Fig. 2.  The value of n was 0.15. 

 

 
Fig. 1  Geometry of JIS-5 sheet specimen. 

 
=F n (1) 

 

 
Fig. 1 True stress-true strain curve adopted in FEA. 

 
Examples of stress and strain distributions are given in Fig. 3.  On the elastic stage the 

distributions of stress and strain are mostly uniform in the parallel portion where stress and 
strain are measured.  It is important to note that peaks of stress and strain appear in the 
vicinity of shoulder portion because of the stress concentration due to the specimen geometry.  
The distribution patterns of stress and strain change and non-uniformity patterns appear in the 
parallel portion.  It is of important to note that peaks of stress and strain shift near to gauge 
point. 
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Fig. 2 Examples of stress and strain distributions on elastic and plastic stages. 
 

The mechanism through which these non-uniform distributions on plastic stage arise is 
illustrated in Fig.4.  Let us virtually divide the specimen into 3 portions P, S and G assigning 
virtual boundary lines as it is illustrated in Fig. 4(a).  The parallel portion P tends to deform 
uniformly as shown in Fig. 4(b), whereas the deformation of shoulder portion S is not uniform 
in the axial direction because it has a constraint on the line facing the gripping portion G that 
does not deform throughout the test.  However, the deformation should be continuous on the 
virtual boundaries because the specimen is a continuous body.  As a result, the deformation of 
parallel portion becomes non-uniform as it is illustrated in Fig. 4(c).   
 

       

  
 

Fig. 3 Illustrated mechanism of occurrence of non-uniform deformation. 
 

An illustrated mechanism of the peak shifts of stress and strain is given in Fig. 5.  Shear 
strain appears on the shoulder portion due to the stress concentration and the hatched portion 

Axial stress  
on elastic stage ( c=0.1%) 

Axial strain  
on elastic stage ( c=0.1%) 

Axial stress  
on plastic stage ( c=0.3%) 

Axial strain  
on plastic stage ( c=0.3%) 

Shear stress Shear strain 
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in Fig. 5(a) tends to deform in the negative direction in Y-axis because of the landslide 
sinking by the shear deformation as it is illustrated in Fig. 5(b).  However, the specimen is one 
continuous body and compensation of deformation occurs between the portion that is near to 
the X-axis and the portion near to the edge as it is shown in Fig. 5(c).  For this purpose axial 
tensile stress must be added around the gauge point in the vicinity of X-axis, and compressive 
stress must be added on the portion near to the edge.  As a result the peak shifts from the 
shoulder portion to the portion near to the gauge point. 

 

 

 
 

Fig. 4 Illustrated mechanism of peak shift of stress and strain. 
 

Following the mechanism illustrated in Fig.4 and 5, the peaks of stress and strain shift from 
the shoulder portion R to the portion near to the gauge point M, and eventually shift to the 
centre C according to the increase in tensile strain.  Illustration is given in Fig. 6.  If the length 
L’ becomes 0 centre rupture may be ensured. 

 
 
 
 
 
 
 
 

Fig. 5 Positions of occurrence of peak stress in tension test specimen. 
 
  This result suggests that peaks at R, M and C portions may induce the rupture at these three 
portions on each stage of tension test.  In order to investigate the validity of this hypothesis 
evaluation was given of the yield criteria by Tresca given by equation (2) and by von Mises 
given by equation (3) at these three points. 
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 (2) 

 (3) 

 
  The parameter changed was the length L of the parallel portion.  The major concern was the 
influence of L on the peak shift from M to C.  In addition to the peak shift attention was 
focused on the uniformity of axial stress distribution on the cross section at centre that must 
be ensured.  For this purpose an index  was introduced of which definition is the average 
axial stress on the centre cross section divided by the axial stress at the centre.  The 
distribution of axial stress on the centre cross section is smooth, and when this value is 1.0 it 
means that the stress distribution is almost uniform.  When the deviation from 1.0 is large it 
means that the uniformity of stress is not maintained or the stress state is tri-axial on the 
centre crsoss section.  The influences of L on L’ and  are shown in Fig. 7.  There is a slight 
difference between the results drawn by using von Mises’ criterion and Tresca’s criterion, but 
the results are mostly the same.  As soon as L becomes a half length of the standard specimen, 
i.e. L=15mm, the peak at M disappears.  This result suggests that the possibility of rupture in 
the vicinity of gauge point may be suppressed by shortening the parallel portion to a half of 
that of the standard specimen.  It may be allowed to shorten the parallel length even to one-
third of the standard specimen.  There is little influence of L on  on both cases and it may be 
concluded that the uniformity of axial stress on the centre cross section is maintained, i.e. the 
precision of measured stress is maintained.  It may be concluded from this result that adoption 
of short specimen can contribute to the stabilization of the tension test. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6  Influences of length of parallel portion on peak shift and uniformity of stress on centre cross 
section ( c =1%). 

－ 19 －



 
R. Morimoto and M. Akiyama. 

 

 6 

3  VALIDATION  
Tension test was carried out to validate the result of FEA.  Two types of specimens shown 

in Fig. 8 were prepared.  The specimen with parallel portion of 24mm was a proportional 
contraction of JIS-5 specimen, and the other specimen had a one-third parallel length of the 
former.  The material was a carbon steel with 0.45% carbon content. 
 
 

          
Fig. 7  Geometry of specimens used for validation test. 

 
In order to control the ductility, or brittleness, specimens were subjected to thermal 

treatment of water-quenching from the temperature of 1000C followed by tempering at 
various temperatures ranging from 200C to 680C.  Comparison is given in Fig. 9 of the 
hardness of final specimens.  The hardness is uniform over the parallel portion and in the 
vicinity of shoulder portion.  It is assumed that the mechanical property of each specimen is 
uniform over the portion of the present concern. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 8  Results of Vickers hardness test of specimens after thermal treatment. 

 
The result of tension test at cross head speed of 1mm/min is shown in Fig. 10 for specimens with standard 

geometry and Fig. 11 for short specimens.  It is clearly shown that there is no occurrence of the rupture at M 
portion for short specimens whereas the frequency of occurrence of the rupture at M portion is not negligibly 
small.  This result suggests that adoption of short specimen stabilizes the testing.  It is necessary to repeat the 
testing again when rupture occurred at portion other than centre of specimen.  It is highly expected that short 
specimen helps reduction in redundant testing. 
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Fig. 9 Frequency of occurrence of rupture on standard specimens. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 10 Frequency of occurrence of rupture on short specimens. 
 

4  DISCUSSION 
Additional FEA was carried out to evaluate the influences of material properties on the 

above mentioned result.  The parameters changed in the analysis were n for work-hardening 
ratio n and the initial yield stress y as shown in Fig. 12.  The geometry was also changed.  
The result is shown in Fig. 13.  No strong influence of the material properties is observed on 
the conclusions obtained for the initial material.  
 
 
 
 
 
 
 
 
 

 
Fig. 11 Stress-strain curves for additional FEA. 
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Fig. 13 Influences of material properties on shortening effect of specimen. 

5  CONCLUSIONS 
  Elastic-plastic FEA was carried out to evaluate the precision and stability of stress and strain 
to be measured by tension test of a sheet specimen.  Attention was focused on the peak shifts 
of stress and strain according to the progress of the test.  Evaluation of the geometrical 
parameters of specimen on the peak shifts suggested that shortening of the parallel length of 
specimen suppresses the rupture without the range of centre portion.  A series of tension test 
followed to verify the validity of the numerical analysis.  Proposed short specimen can cut the 
number of redundant test  
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Fig. 1 Stress versus strain relation and strain dependence of the normalized critical current 

at 77 K for the NX3ply Bi2223 wire. 
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