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Abstract. This paper deals with the influence of the specimen geometry on the precision of
measured stress-strain curve on the compression side. Cylindrical specimen is adopted after
ASTM-E9 89a and laboratory experiment and elastic-plastic FEA are carried out to evaluate
the influence of the degree of parallelism of end surfaces. Present tolerance value of 0.5/1000
for the inclination of end surface can be relieved up to 6/1000.

1 INTRODUCTION

Stress-strain curve is an essential characteristic when one analyzes the plastic deformation
of a material. Usually only a tension test is carried out to know the stress-strain curve on an
assumption such that the stress-strain curve is point symmetric around the origin. This
assumption is approximately correct, but in an exact sense two curves are slightly different [1].
If the difference is not negligibly small the assumption of point symmetry may lead to a
discrepancy between the experimental and analytical results and prediction by the analysis of
the forming process fails. For the prevention of this failure one ought to carry out a
compression test as well as the tension test prior to the analysis [2]. Compression test
specified by ASTM-E9 89a [3] is a commonly used compression test. For this test a
cylindrical specimen is prepared in a manner such that the degree of parallelism of end
surfaces must lie within the tolerance value of 0.5/1000, although the background of this
tolerance value is not clear. Ifit is possible to loosen the tolerance value it will help specimen
preparation. In the following part of this paper experiments and numerical analyses are
carried out to evaluate the influence of specimen geometry on the precision of measured stress
and strain and expansion of tolerance value is discussed. The code for numerical analysis is
ELFEN [4] developed at University of Swansea, U.K.
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2 PREPARATIONS

2.1 Specimen preparations

Figure 1 shows the manufacturing process for specimen. Parent bar was subjected to turning
after thermal treatment at 680°C and the end surface was finished by a sandpaper.

A .
Material Material brasion by sztlfslpaper
O )TO ) T 0 ) —Lﬂ j 'T Compression test
Heat Treatment Turning Measuring 6/d

Figure 1: Flow of processing for preparing specimen for compression test

2.2 Theory

Inclination of end surface was measured by using the following theory. It was assumed that
both end surfaces were flat planes and one end surface that was exactly perpendicular to the
axis was placed on a flat table that was spanned by X and Y axes as is illustrated in Figure 2.
The plane showing the top flat surface may cross the X-Y-plane, and the inclination angle «

and parallelism ( 6 /d) of the top flat surface is calculated by determining the line AB.

7 ad=aX+bY+e

x a¥+b¥+e=0
Figure 2: Illustrated image for measuring geometry of inclined upper surface

The equation of top flat surface is given by equation (1). Using the least square method the
constants a, b and c are calculated, i.e. minimization process of the error S given by equation
(2) leads to a set of equations (3), (4) and (5). Precise measurement of N sets of coordinate
values (Xi, Yi, Zi) determines the plane ABC, where N must be larger than 2.
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Once a, b and c are determined the coordinate values of (XA, Yh) of point H are calculated by
solving a set of equations (6) and (7). The inclination angle « of the top flat surface is then
calculated by using equation (8) and the parallelism ( 0 /d) is also calculated.

aX+bY+c=0 (6)

bX-aY =0 ™)
4 OC

— = 8

a = tan (OHJ ®

2.3 Measurement

Figure 3 shows the outline of the measuring system. Coordinate values of (Xi, Yi) of each
data points were calculated according to the angle (1 and the fixed length L and the value Zi
was the height of the spot of a laser pointer mounted on the top flat surface of the specimen.

x _Laser beam

. Heiglt poige Specimei .

Figure 3: Illustration and view of measuring height of laser spot’Zi

2.4 Result

Table 1 shows the measured values of parallelism of specimens. The range of parallelism
lies between naught and 50/1000, and plural number of specimens were prepared for each
geometrical conditions in Table 1.

Table 1: Calculated degree of inclination angle o of specimen

Specimen number 1 2 3 4 5 6 7 8

Parallelism of end | 1 2 6 7 15 23 40 48
surface (8 /d) /1000 | /1000 | /1000 | /1000 | /1000 | /1000 | /1000 | /1000

2.5 Tooling

A protector and a set of toolings for compression test were manufactured as shown in Figure 4.
Compression test may endanger the operator because the specimen can suddenly become a
bullet, and the protector prevents this danger from occurring. On the side of the protector
there is a hole that is smaller than the specimen size and the cables from strain gauges placed
on the specimen are drawn through this hole. The material of toolings was 0.45 mass %
carbon steel and was prepared according to the thermal treatment illustrated in Figure 5 [5].
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Figure 5: Diagram for quenching and tempering operations for toolings

3 EXPERIMENT

Compression test was carried out using a universal testing machine shown in Figure 6. The
aspect ratio of specimens was 2.5 following the previous work on the uniformity of measured
stress and strain in compression test [6,7]. Test was conducted until 5% strain was reached.

Strain was measured by using four strain gauges placed at the specimen centre in a pitch of 90
degrees. Stress was a nominal stress. Cross head speed was 1mm/min.

6

20mm -

50mm

Figure 6: Machine and prepared specimen for compression test

Lubricant was prepared according to the previous work [8,9]. Soap mixed with powdered
mild detergent for washing was placed on the specimen surface prior to the test.

Figure 7: View of lubricant
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4 RESULT

4.1 Stability of experiment

No specimen flew as a bullet and the compression test was stable, but buckling occurred in
accordance with the increase the index of parallelism ( & /d). Examples of normal and
buckled specimens are shown in Fig. 8. All the specimens were observed under the back light
after the test and the specimen was esteemed buckled when an opening was observed.

(a) Example of specimen with no buckling (b) Exa{mple of buckled specimen

Figure 8: Comparison of non-buckled and buckled specimens

Figure 9 shows the influence of the index of parallelism ( 0 /d) on buckling. Ordinate is the
buckling index. The buckling index is 1 when buckling occurs on all the specimens and 0.5
when buckling occurs on 50% specimens and 0 when no buckling occurs. The critical value
of the index of parallelism ( 0 /d) may be 7/1000 above which buckling occurs.

24/1000 48/1000|

@ 0=Non Buckling

W Bucklingnumber of times
/Test number of times
1=Buckling

7/1000

0 10 20 30 40 50
Inclination of end surface

Figure 9: Influence of inclination of end surface upon on buckling

4.2 Stress-strain curves

Figure 10 shows the positions of four strain gauges placed in the circumferential direction at
the specimen centre. No-1 gauge was placed on the longest portion of specimen and No-3
gauge on the shortest portion. Examples of four stress-strain curves are drawn in Figure 11.
They were drawn by using the signals of four gauges, and three curves in Figure 11b are
drawn by using the average strains. Three stress-strain curves in Figure 11b are almost the
same and it can be recommended to take an average value of measured strains.

Figure 10: Illustrated image of placement of strain gauges
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Figure 11: Influence of inclination of end surface upon on stress-strain curves

The tangents of elastic region of stress-strain curves in Figure 11a lie in a wide range and it is
unrealistic. However the tangents in Figure 11b measured within the stress range of -200 and
-300MPa was a reasonable value of 206GPa.

Figure 12 is a comparison of stress-strain curves among specimens with different value of the
index of parallelism ( 0 /d). It may be concluded that difference in the index of parallelism

does not seriously influence the measured stress-strain curve as long as the value of index lies
within the range of under (6/1000).
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Figure 12: Comparison of raw stress-strain curves for all none buckling specimens

5 NUMERICAL ANALYSIS

5.1 Conditions for analysis

In order to examine the precision of measured stress and strains elastic-plastic FEA were
carried out on the compression tests. The stress-strain curve was that given in Figure 11b.
The stress-strain curve was assumed point-symmetric on the tension side. The parameter
changed in the analyses was the inclination index 0 of the end surface in Figure 6 and the
response of specimen was examined.

Figure 13 shows an example of 3D initial mesh for the analysis. The centre portion was
divided into 6 times 6 small squares. The outside layer was divided into 5 thin layers and the
division in the circumferential direction was 24. The mesh division in a cross section was 156.
The mesh division in the longitudinal direction was 24, and the total number of elements was
3744. Displacement constraint was given in the axial direction on all the nodes on the lower
end surface and upper surface was compressed by a rigid ram as shown in Figure 14.
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Figure 13: Illustrated image of dividing mesh

A

Rigid body

l Compression

Figure 14: Loading procedure

5.2 Distribution of stress

Figure 15 shows examples of distribution of axial stress on the elastic and plastic stages for a
specimen with the index ( 0 /d) of 6/1000 on the centre plane of specimen. On the elastic
stage, there is a clear distribution of stress according to the inclination of end surface, but it
gradually fades out on the plastic stage. The average value of stress is equal to the
compressive force divided by the cross sectional area of the centre plane.

(a) Elastic stage (0.18% compression) (a) plastic stage (1.5% compression)
Figure 15: Examples of stress distributions on elastic and plastic stages

5.3 Distribution of strain

Figure 16 shows examples of distribution of axial strain on the centre plane of the specimen
on the elastic and plastic stages. Figure 18-(a) and (b) show the distributions on the elastic
and plastic stages respectively. Similarly to the distribution of axial stress distribution of
axial strain on the elastic stage is slightly large but it gradually fades out on the plastic stage.
There is also a distribution of other strain components but the intensity of those components is
much smaller than that of the axial strain.
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(a) Elastic stage (0.18% compression) (b) Elastic stage (1.5% compression)
Figure 16: Comparison of Distribution of strain in elastic stage and plastic stage

5.4 Stress-strain curve

Figure 17 shows four stress-strain curves drawn for each calculated stress and strain on the
four points placed in the same pitch of 90 degrees around the specimen corresponding to the
measuring points of strain in the compression test in a laboratory. As was expected four
stress-strain curves on the elastic stage are totally different, but those are nearly the same on
the plastic stage. Three average stress-strain curves drawn by using the average value of two
strains all the four strains show an excellent matching one another. The Young’s modulus of
the average stress-strain curves sampled within the stress range of -200 and -300 GPa was

201GPa.

T stressIMPal

"

(a) Comparison of four stress-strain curves  (b) Comparison of average stress-strain curves
Figure 17: Comparison of average stress-strain curves (Inclination 6/1000)

Figure 18 is a comparison between the analytical and measured stress-strain curves on the
compression side. The material is a medium carbon steel with 0.45 mass % carbon content.
Good agreement has been achieved and it may be concluded that by taking the average value of at
least two strains around the circumferential direction of specimen. Especially excellent matching

is obtainable when the stress state is plastic.
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Figure 18: Comparison of result of experiment and numerical analysis
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6 CONCLUSIONS

In the present work influence of parallelism of end surfaces on specimen for compression test
on the precision of stress-strain curve on the compression side was evaluated numerically and
experimentally. None of the specimens of which parallelism ranged from 1/1000 to 48/1000
suddenly flew as a bullet throughout the test, but buckling was observed when the parallelism
exceeded 7/1000. If average strain is adopted on the centre plane of the cylindrical specimen
the stress-strain curve obtained is almost the same as the true stress-strain curve of the
material. The number of signals of strain should be at least two that face each other in the
circumferential direction in a pitch of 180 degrees. If the number is four by placing the strain
gauge in a pitch of 90 degrees, stress-strain curve drawn by using this average strain is exactly
the same as the true stress-strain curve. It is specified in ASTM E9-89a that the parallelism of
end surfaces must lie within a range of 0.5/1000, but this specified value can be until 6/1000
as long as the strain is measured in the circumferential direction on the centre plane in the
same pitch of 90 or 180 degrees. In the present work influence of parallelism of end surfaces
on specimen for compression test on the precision of stress-strain curve on the compression
side was evaluated numerically.
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