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Abstract

Since it is known that tensile strength and hardness are roughly proportional, a hardness test is often used as a simple and
substitute test. However, it has been reported that the proportional relationship between tensile strength and hardness is broken
above 595 HV (=55 HRC). Besides, there are few examples of mechanical properties determined by compression tests despite
the fact that high-hardness and high-strength materials subjected to significant compressive stress are used in machine element
parts, e.g. bearings. Tensile strength is used instead of compressive strength for the design. Thus, the relationship between
hardness and compressive strength in hard materials, quenched medium carbon steel, was revealed. The compressive strength
at 8% plastic strain (compressive strength) was almost the same as the maximum compressive strength. The compressive
strength and hardness were at their maximum in the as-quenched specimen and decreased with the increase in tempering
temperature. The compressive strength and hardness had a linear relationship up to 2000 MPa similar to the relationship of
tensile tests. However, the compressive strength increased slightly in relation to the hardness above 2000 MPa in contrast to
tensile tests. Thus, the work-hardening index was introduced as a variation parameter to the function that expresses the
relationship between compressive strength and hardness to obtain better estimation. The estimated compressive strengths using
the work-hardening index are agreed well to the experimental results.
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Tablel Heat treatment conditions.
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Fig. 1 Vickers hardness as a function of tempering temperature. The red line shows the hardness of the as-rolled specimen.

The hardness of the as-quenched specimen was the highest and then decreased increasing with a tempering temperature
over 140°C, and approached the hardness of the as-rolled specimen.
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Fig.2 Height profiles measured along a line passing through the center of an edge of a rectangular indent and the center of the
opposite side. In addition to reducing indent size, pile-up height also increased with tempering temperature.
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Fig. 3 Relationship between tempering temperature and the pile-up height. In the as-quenched specimen, the height was the
smallest, and it increased with increasing tempering temperature.
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Fig.4 Diagrams of (a) nominal stress-nominal strain and (b) true stress-true strain for each specimen. Compressive values are
expressed as positive axes. Each stress-strain diagram showed that the as-quenched specimens had the highest
compressive strength and decreased as tempering temperature increased, while 290°C tempered specimens had the
highest elastic limit. All specimens had compressive strains over 10%, with compressive strains over 30% at tempering
temperatures above 190°C. True stress-true strain diagrams show only a slight difference between 8% proof stress and
compressive strength.
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Fig.5 Pictures of the specimen after compressive tests. The as-quenched specimen was torn longitudinally and the tempered
specimen was sheared along 45° of the loading direction. Tempered specimens at 490°C, 390°C, and 290°C sheared but
did not fracture. As-rolled specimens were not sheared.
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Fig. 6 Elastic limit, 8% proof stress, and maximum compressive stress in true stress as a function of tempering temperature.
Dashed lines show each value of the as-rolled specimen. The 8% proof stress and maximum compressive stress were
approximately the same, and the values were maximum at as-quenched and then decreased as the tempering
temperature increased. The elastic limit was seemed almost constant up to the tempering temperature of 220°C and
decreased above after increasing at 290°C.
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Fig. 7 Relationship between Vickers hardness and compressive stress, s, or ultimate tensile strength, os. The relationship was
linear up to approximately the strength of 2000 MPa. Over 2000 MPa, tensile strength decreases while hardness
increases. In contrast, compressive strength increases with the hardness.
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Fig. 8 Work-hardening index obtained by compressive test and hardness. Work-hardening index, #, increases exponentially
with increasing hardness.
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Fig.9 Compressive strength ratio to Vickers hardness, os/Hv', against the work-hardening index, n. The solid lines show the
computed values as a function assuming that the representative strain, &, is constant. The red line shows an
approximated line assuming that the inverse of the representative strain is a linear function of the work-hardening
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Fig. 10 Relationship between the work-hardening index and amount of pile-up ratio to Vickers depth. Variation trends against
the work-hardening index change around #~0.15. The pile-up height and pile-up height ratio to indent depth are
almost constant or decrease with decreasing work-hardening index. In contrast, both parameters decrease with
increasing work-hardening index at n>0.15.
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Fig. 11 Hardness as a function of compressive strengths obtained experimentally (blue plots) and estimated (red line) with
typical strain, &, as a function of the work-hardening index. The estimated line closely matched the experimental
values.
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