MatSE 471

Laboratory 9b

Hardenability of Steels

1. Objective

The objective of this laboratory is to design a steel composition that will give a certain hardness profile after quenching.

2. Background

The "hardenability" of a steel can be loosely thought of as its ability to turn into martensite during quenching. Steels which transform to martensite easily, even under slow cooling rate conditions, are very "hardenable." Those steels that require really fast cooling rates to form martensite are considered less hardenable. Equivalently, a hardenable steel allows the heat treater to form martensite even in the middle of a thick bar (where cooling rates are slow), whereas a non-hardenable steel can achieve a martensitic structure only in thin sections, because the cooling rates required are so fast. Steels which form martensite easily are those in which the alternative reaction -- nucleation and growth of the quasi-equilibrium products ferrite and cementite -- is slow and can be avoided. Many solute additions slow down the formation of ferrite, as do large grain sizes (fewer grain boundaries to act as ferrite nucleation sites), and hence these elements and grain coarsening steps are added to steel to make it more "hardenable." 

A quantitative measure of a steel's hardenability is its "ideal diameter," abbreviated DI. This is the largest diameter rod (of that particular steel) that can be quenched under ideal conditions (infinitely fast cooling rates on the outside of the rod) and still allow one to obtain 50% martensite at the center of the rod. The larger the ideal diameter, the more hardenable the steel.

Ideal diameters can be calculated fairly precisely from a knowledge of the austenite grain size and alloying elements present in the steel of interest. To do this, the wt % of each element, including carbon, is converted to a "multiplying factor" by looking up the conversion in a table (e.g., Table X2.1 in ASTM standard A255-88). Then all the multiplying factors are multiplied together to get the ideal diameter. For near-ideal quenching conditions, then, a rod of this ideal diameter will be 100% martensite on the outside, and 50% martensite down the centerline. The actual hardness of 100% martensite, or a region with 50% martensite, depends essentially on the carbon content of the steel. Steels with more carbon produce more highly strained -- and thus harder -- martensites. Table X2.2 in ASTM standard A255-88 gives the relationship between carbon content and martensite hardness.

The hardness of a steel with varying amounts of martensite, due to different cooling rates, can be determined by a Jominy test. In this test, the end of a hot (~700 °C) steel bar is sprayed with water so that the cooling rates vary from very fast (at the end of the bar being sprayed with water) to that typical of air cooling (about 2" in from the water spray). The hardness is then measured as a function of position along the bar, giving rise to the so-called "Jominy curve" of hardness vs. distance. The outside and first 1/16" of the bar are almost always martensite, and these points have the hardness associated with 100% martensite for that particular steel's carbon content. As one goes along the length of the bar, farther away from the ultrafast cooling rates, the hardness will decrease, because the amount of martensite will decrease. Exactly how rapidly the martensite content, and thus the hardness, decreases is dictated by the alloying elements and grain size of the steel, or equivalently, its ideal diameter. There are tables (e.g., Table X2.6 in ASTM standard A255-88) which relate ideal diameter to distance hardness dividing factors. From the ideal diameter of the steel and its 100% martensite hardness value, one can calculate the hardness value as a function of distance from the water-quenched end simply by dividing the 100% martensite value by the hardness dividing factor for each distance.

See Crafts and Lamont: Hardenability and Steel Selection (1949).

3. Procedure

In this laboratory, we will custom-design the composition of a steel rod such that it will have a certain hardness profile after being subjected to a Jominy test. You can then also estimate (sketch roughly) what the hardness profile of a 2" diameter rod of that same material would be after an ideal quench (which is often faster than the water quench used in a Jominy test). You will need to turn in a spreadsheet showing your calculations, a graph of your steel's predicted Jominy curve (hardness vs. distance, where distance is measured in 1/16" increments), and a sketch of the hardness profile that your steel would have if it was in the form of an ideally quenched 2" diameter rod. For the Jominy test hardness profile, put the prediction for your steel and the curve that you were given on the same graph to see how well your steel matches the design request. Note that there is more than one right answer for this assignment!

