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The hardenability of case-hardening steels decisively influences the machining and application 

properties of case-hardened transmission components. Hardenability is mainly determined by 

chemical composition and is an essential criterion in the selection of case-hardening steel 

heats because constant material quality will guarantee a high degree of process efficiency for 

volume production. 

The deformation and heat treatment condition of the Jominy specimen has a decisive 

influence on the measuring result. This must be considered to determine the hardenability by 

Jominy test. Prediction of the hardenability from the chemical composition is still not an 

equivalent alternative to measuring, because of significant uncertainties. 

Machining of case-hardening steels with narrow hardenability band guarantees calculable and 

reproducible volume production. Some practical examples show that a small deviation from 

the required hardenability band results in irregular heat treatment distortions and high costs 

caused by rejects.               

 

 

1 Hardenability as a Fundamental Feature of Case-Hardening Steels 

 

What makes iron an important metallic material, in addition to ferromagnetism, are the special 

features in the transformation of the crystal structure of this metal that allow, in the case of 

hardenable steels, completely different states to be set in one and the same material—soft for 

machining and hard for application. We know that there are three factors that determine the 

state:  

 

• the type of heat treatment, in particular cooling, 

• the geometry of the work piece, especially the size, 

• and the steel material that is used. 

 

Within the scope of the "material" factor, the type and proportion of alloying elements 

determine which phases form and which hardness these phases then take.  But microstructure 

features are also influencing factors over and above the chemical composition:   e.g. 

proportion, size, and distribution of precipitations or the size distribution of the austenite 

grains.  These influence the stability of the participating phases, the nucleation conditions, the 

hardness of the evolving phases according to the various hardening mechanisms, and a lot 

more besides.  

 

While all of these material characteristics can be determined individually in the laboratory, to 

be able to choose the correct case-hardening or tempering steel for a specific purpose, it is 

important to know which hardness it evolves under which conditions—no more and no less.  
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To determine this, the traditional Jominy hardenability test [1] has proven to be both reliable 

and practical. On the one hand, it excludes all influences of heat treatment and geometry by 

standardizing both of these and thus concentrates solely on the material influence. On the 

other hand, it does not pragmatically waste time with the complicated mesh of causal 

relationships of the various material parameters but instead includes all of them by simulating 

the process that takes place in practice and making the technologically decisive parameter of 

hardness the direct benchmark (Figure 1, page 11 ).  

 

The importance of hardenability for choosing and characterizing case-hardening steels cannot 

be overestimated.   From an application aspect it stands for such important drawing 

requirements as core strength and case-hardening depth. No less significant under the aspect 

of machining is its influence on various manufacturing processes, in particular dimensional 

and form changes in heat treatment.  In this case it is by far the most dominant material-

influencing factor. 

 

This study shows from the viewpoint of the steel user how hardenability can be used as a 

fundamental feature of case-hardening steels in order to choose and specify steels and to 

provide constant material quality for a high level of process efficiency in volume production. 

The calculated prediction of hardenability based on chemical analysis has contributed a lot to 

the unerring manufacture of heats with specified hardenability, but this cannot replace 

measuring the product, as will be shown.   The study also deals with where limitations and 

barriers exist and what can be done to prevent certain defects. 

 

 

2 Relevance of Hardenability for Application and Machining Properties 

 

The hardenability of a case-hardening steel heat has a decisive influence on the properties for 

the manufacture and machining of transmission components. For example, dimensional and 

form changes during heat treatment, the alignability of shafts or the machinability in soft 

machining of gears are directly or indirectly dependent on hardenability [2]. Hardenability 

also directly or indirectly influences the application properties of transmission components. 

Properties such as tooth root fatigue strength and tooth flank load capacity are set via the 

surface hardness, case-hardening depth, and core strength that are achieved by case hardening.  

The core strength of transmission components in particular is directly dependent on the 

hardenability of the case-hardening steel heats that are used [3].     

 

 

2.1 Effects on Application Properties 

 

Niemann and Winter [4] described qualitative effects on tooth root fatigue strength. Figure 2a 

(page 12) shows the influence of core strength on tooth root bending strength in the low-cycle 

fatigue range. Initially, a higher core strength would have a positive effect on these properties. 

With brittle material behavior a negative effect may set in at around 1100 MPa. Ductile MnCr 

case-hardening steels and in particular Ni-alloyed case-hardening steels tend to be less brittle 

and offer the highest low-cycle fatigue stability values. Another parameter that influences 

tooth root bending fatigue strength is ratio of case-hardening depth to modulus (Figure 2b, 

page 12).  Depending on the stress in the tooth root or tooth flank, an optimum range for the 

case-hardening depth is between 0.1 and 0.25 times the modulus. 
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2.2 Influences on Machining Properties 

 

Of the different influences that hardenability has on different machining properties, those that 

affect hardening distortion will be handled as an example: Investigations by Bergström et al. 

[5] show the influence of hardenability on the change in tooth flank direction, in other words, 

the deviation from the ideal helix angle for the front and reverse flank on gears charged on the 

flat (Figure 3 a and b, page 12). As the hardness of the case-hardening steel increases at the 

end-face distance J6.5 in the Jominy test there were more constant form changes on both 

flanks with minimum change in the flank direction.  

 

Mallener [2] also showed this influence of hardenability for bore changes of gears through  

distortion due to case hardening (Figure 4, page 13). An even change of bore diameter within 

the machining tolerance is necessary for subsequent hard machining in the bore.  The 

undesired "swelling" of bores in case-hardening steels with less hardness is observed more 

often than a reduction in the bore diameter at end-face distance J10.  Only when a value of ‡ 

35 HRC is reached do all investigated gears show a more or less pronounced "shrinking" of 

the bore by maximum 0.24 mm. 

Both examples show that a high hardenability of the case-hardening steel heat through more 

favorable shrinking behavior leads to a more uniform distortion during case hardening and 

thus makes production calculable and reproducible.  

 

Even hardenability of case-hardening steel heats is a necessary prerequisite for volume 

production of transmission components [6]. The type of volume production depends on the 

parts spectrum and the required number of units (Figure 5, page 13) With a small parts 

spectrum and large number of units, heat separation for certain components and parts families 

may be practical (Figure 5a) Initially the exact hardenability of the case-hardening heat is of 

secondary importance as long as there is a prior test of the heat in case of heat changes and 

production adaptations i.e. modification of tolerances can be made. The hardenability 

tolerances for high dimensional stability of the transmission components are often more 

stringent than those for setting the core strength or preventing cracks.  

For a large parts spectrum and small to medium numbers of parts, such as is often the case in 

the ZF Group, uniform hardenability can only be achieved by complying with very narrow 

hardenability bands (Figure 5b, page 13).  Only when all case-hardening steel heats to be 

machined fulfill the narrow hardenability band is it possible to achieve an even heat treatment 

distortion and to do without prior heat tests or production adaptations i.e. modifications of 

tolerances to a great extent.  

 

Figure 6 (page 14) shows the narrow hardenability bands of ZF case-hardening steels ZF6 

(16MnCr5+B), ZF7 and ZF7B (20MnCr5+B) with a maximum hardenability tolerance width 

of 4 HRC compared to the much wider hardenability band for the case-hardening steel 

20MnCr5 according to EN 10084 with a hardenability tolerance width of 14 HRC at an end-

face distance J10. The bandwidth of 20MnCr5 HH with limited hardenability according to EN 

10084, at 9 HRC, is also well above the ZF specifications and would not be suitable for 

volume production complying with the narrowest hardenability bands because of the high 

dispersion of heat treatment distortion. 
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3 Determining Hardenability With the Jominy Test 

 

As a rule, the hardenability of a steel heat is determined via the Jominy test. The curve 

showing the progression of the hardening process recorded via the end-face distance (Figure 

1) is initially dependent on the chemical composition of the steel heat being examined. 

However, there are many other influencing factors that could have an effect on the results and 

which are described in detail in the relevant literature [7,8]:   

 

• Hot forging and heat treatment state of the sample material; 

• Austenite grain size of the sample material before quenching; 

• Material non-homogeneities (segregation); 

• Performing the Jominy test and hardness test conditions; 

 

==> observed bandwidth: –––– 4 - 5 HRC  (/7/ and own experience)         
 

In case of specimens not prepared in line with DIN 50191 [9] or ISO 642 [10], the values of 

the hardness progression curve could deviate considerably from the values that are determined 

when the respective standards are complied with precisely. The greatest hardness bandwidth 

was observed in the dropping branch of the hardness progression curve.   In case-hardening 

steels this is the critical value at end-face distance J10 for hardness distortion of gears for 

vehicle transmissions (cf. Figure 4).  

 

To determine the hardenability of a case-hardening steel heat in a reproducible manner and 

with minimum influence from the above-mentioned factors, DIN 50191 or ISO 642 must be 

complied with. Figure 7 (page 14) shows the specimen preparation for testing semi-finished 

billets with a maximum round or square cross section of 200mm, which is defined in both of 

these standards and hence also ZF-internally [11]. In all three standards the hot-rolled semi-

finished billet must be forged out to form a specimen rod of around ˘ 30mm. As an initial 

state before the Jominy test, ZF specifies a BG-annealed specimen material with 

ferritic/pearlitic microstructure, in other words, the initial state of most transmission 

components before case-hardening.  

 

If the specimen rod is not forged out and the hardenability is tested on the hot-rolled semi-

finished billet, this can produce very different results if the semi-finished billet contains 

manufacturing-related segregation zones.  Figure 8 (page 15) shows differing hardness 

progression curves that were determined on a hot-rolled semi-finished billet, with a 

conspicuous segregation zone. There were hardness differences of up to 7 HRC at the critical 

end-face distance J10 depending on the position of the Jominy specimen in the cross-section 

of the semi-finished billet or the position of the ground face on the Jominy specimen. The 

segregation zone shows the lowest hardenability due to the known depletion of carbon and 

alloying elements in this area [12]. 

 

In investigations on ZF6 (16MnCr5+B) and ZF7B (20MnCr5+B) heats, pure experiment-

related parameters of hardenability testing such as temperature and duration of austenitizing as 

well as the length and roughness of the Jominy sample were varied. The other conditions of 

specimen preparation were the same for all investigated Jominy sample. Table 1 (page 17) 

contains the maximum differences of average hardness values that were determined for end-

face distance J25.     
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Some of the parameters that were varied here deviate considerably from those defined in DIN 

50191 and which apply to this steel quality. Nevertheless, all these parameters have less 

influence on the hardenability results than the previously discussed influences such as hot 

forging and heat treatment states of the specimen material or material-related non-

homogeneities.         

 

  

 

4 Calculated Prediction of Hardenability 

 

As the hardenability is essentially determined by the chemical composition of the steel, it is 

understandable that the steel industry attempted to describe these relationships mathematically 

many years ago in order to predict the hardenability of a heat from an analysis of the chemical 

composition.  Initially this was limited to achieving the required hardenability through 

accurate alloying during ladling, but later more serious attempts were also made to qualify the 

“calculation of hardenability” for use in testing properties on the product, for example semi-

finished products for forging.   

 

VDEh published calculation formulas for several steel types [13], including case-hardening 

steels of the CrNi and CrNiMo families. With the help of the formulas in [13] for CrNiMo 

and CrNi case-hardening steels, their usability and validity for ZF case-hardening steels ZF1A 

(17CrNiMo6) and ZF1 (15CrNi6) was tested at ZF. Both qualities are manufactured in large 

quantities in Europe and they are processed at ZF and other companies. As, among other 

things the chemical composition and measured hardenability for each heat of the two named 

qualities is known at ZF, and since this data is easily accessible via a database, very good 

prerequisites existed for a detailed examination and evaluation of the formulas.  

 

Table 2 (page 18) shows the scope of the evaluations. 

 

For each heat the hardenability was calculated for end-face distances J5, J10, J25, and J50 

from the chemical analysis according to the manufacturer’s inspection certificate with the 

VDEh formula for the respective quality. As the end-face distance J = 10mm is not directly 

accessible from the formulas, J10 was averaged from J9 and J11.  

 

To simplify evaluation and presentation of the results, both the measured and calculated 

hardenability values were rounded up or down to whole HRC values. Essentially, the 

difference between hardenability measured and hardenability calculated was statistically 

evaluated. 

 

The difference between hardenability measured and hardenability calculated is subject to 

frequent normal distribution or approximate normal distribution for all observed end-face 

distances and steel mills. This applies to ZF1A (17CrNiMo6) and ZF1 (15CrNi6). Figure 9 

(page 15) shows the distribution of the differing values measured - calculated for ZF1A and 

end-face distance J10 for two steel mills.  It can be seen that the maximum values of the 

distributions differ considerably. In particular for steel mill #2 there are large deviations 

between the calculated and the measured hardenability. The average measured hardenability 

was greater than the calculated hardenability for all steel mills. The latter applies to ZF1 and 

ZF1A almost seamlessly for all steel mills and end-face distances. For instance, depending on 
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the steel mill, the average difference between measured – calculated at J10 for ZF1A was 

between 0.0 HRC and +2.8 HRC and for ZF1 between -0.1 HRC and +2.4 HRC. 

 

But in addition to observing the average values, the maximum differences between measured 

and calculated hardenabilities are also interesting.  This allows us to deduce the maximum 

deviations in extreme cases for a calculated hardenability compared to a measured 

hardenability that we have to reckon with.   Table 3 shows the average values of the difference 

between measured – calculated as well as the maximum differences between measured and 

calculated for ZF1A and end-face distance J10. 

 

Table 3 (page 18) shows that the difference between measured and calculated hardenability is 

very dispersed – between approximately -3 HRC and +4 HRC. This great uncertainty in the 

calculated determination of hardenability restricts its use for processors quite considerably, 

especially in respect of the narrow hardenability bands that are still common these days (ZF1 

and ZF1A: 4 HRC, see Section 2.2).  

 

By considering the influencing parameters described in Section 3 when measurements are 

being made, ZF’s experience is that hardenabilities in the Jominy test can be determined more 

precisely and in a more reproducible manner than when calculated using the current VDEh 

formulas. ZF regularly coordinates test procedures and test methods with steel mills according 

to ZF regulations and verifies the hardenability of ZF case-hardening steels in random 

samples. In this case congruence between hardenability ZF measured and steel mill measured 

at £ – 2 HRC is much better and has a measuring accuracy in line with the Rockwell hardness 

test, as can be seen in Figure 10 (page 16) on the basis of 138 successive verification tests in 

15 different steel mills.                

 

On the whole, because of the high degree of uncertainty, calculation of hardenability based on 

the chemical composition does not offer a suitable alternative to determination of 

hardenability in the Jominy test. Caution would appear to be especially necessary as the 

commonly used term “shared formula” would suggest a standard application independent of 

the respective steel mill. The investigation has shown that although this is true in the majority 

of cases, in individual cases there are significant deviations in some steel mills due to the 

“alloying philosophy”.  

 

   

5  Practical Experiences Regarding the Influence of Hardenability on Bore Distortion 

 in Gears 

                              

Choosing narrower hardenability bands has proven to be a successful tactic in practise. If the 

main factors influencing dimensional and form changes are known in case hardening, and if 

these are considered in the production process chain, it is quite obvious that the influences of 

geometry, hardenability and heat treatment prevail [5].     If you adapt to the exiting geometry 

(derivative measurements, corrections) and keep the entire production chain constant (steel 

mill, forge, annealing, soft machining, heat treatment), the influence of hardenability becomes 

very clear.  

 

Figure 11 (page 16) shows the results of such an analysis. In a single year, a much higher rate 

of rejects for a gear was determined than in the previous year.  The reason for this was 

swelling of the bore diameter in combination with eccentricity.  The grinding allowance that 
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was set in the volume production was insufficient so that the gears could not be used. These 

gears came from 11 heats from the same steel mill, which were all delivered as ZF7B 

(20MnCr5+B) in accordance with ZF material specifications. Because it was suspected that 

the required hardenability was not achieved in the set heat spectrum, an investigation showed 

that in three heats the lower tolerance limit was not reached    

 

After discussions with the steel mill and synchronization of the test methods that were used, 

the rate of rejects for this gear was reduced again immediately to the level of former years. 

 

Figure 12 (page 17) illustrates the influence of hardenability on dimensional changes in the 

bore. In this steel mill it is noticeable that the normal distribution of hardenability values has 

its maximum in the bottom third of the tolerance field.  In combination with the tolerance of 

the Rockwell hardness test used in the Jominy test, there is a real danger of falling below the 

critical lower limit.  See Figure 4, which shows the influence of hardenability on the swelling 

and shrinking of the bore.   

 

From this we can deduce that the hardenability of the delivered heats must certainly lie within 

their tolerance field on the whole.  If this cannot be ensured, to avoid costs for rejects a heat 

separation, with the disadvantages described in Sec. 2.2., must be introduced.  

 

However, our many years of experience show that if competent steel mills that are informed 

about the above-mentioned connections are chosen and if test conditions are synchronized 

regularly, problem-free volume production can be guaranteed.      

 

The narrow hardenability bands according to ZF material specifications in combination with a 

reproducible annealing process—in this case BG annealing with isothermal transformation — 

guarantee an optimum machining process due to the assured narrow stability dispersion band.     

Because of the even residual stress conditions, the even machining conditions make an 

additional contribution to constant distortion behavior of the case-hardened components.      

    

 

6 Summary and Outlook  

 

Hardenability as a result of the Jominy test combines a range of physical material properties 

into one good measurable, technological parameter in a very advantageous manner.  For the 

steel mills it is 

• an important characteristic for choosing and specifying case-hardening steels in the 

development and industrialization phases,  

• an effective control variable to guarantee stable processes in the volume production phase. 

 

These days the status of steel production and testing allows stable delivery chains with steel 

qualities within hardenability bands of –2 HRC. In practise it can be seen that stable 

conditions such as these enable the costs associated with dimensional and form changes of 

components to be reduced. On the other hand, materials with deviating hardenability and 

hence noticeable distortion behavior cause additional costs for increased grinding allowances, 

additional hard machining steps or, ultimately, rejects.  
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One important contribution to the accurate creation of heats with defined hardenability within 

very narrow bands is a precise knowledge of the influencing parameters of the various 

alloying elements and, on this basis, the calculated prediction of hardenability during the 

metallurgical process.    However, a comparison of Jominy test results on a large number of 

heats over an extended period showed that chemical analysis in combination with the 

published calculation formulas alone cannot replace the Jominy test for the purposes of testing 

and releasing finished steel heats.   

 

These days the described narrow hardenability bands — independent of metallurgic 

feasibility—are at the limits of measuring and testing-technical accuracy and reproducibility. 

They demand from all those involved a high level of attention to comply with the standardized 

conditions of the Jominy test, but also precise agreement of several other process steps, in 

particular in the areas of sampling and preparation.  It is suggested that the relevant standards 

be extended and go into more detail and also that they be standardized on an international 

level.  Regularly recurring inter-laboratory tests by the test laboratories would be practical for 

verifying the test practice.  
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Fig. 1. Principle of determination of hardenability using a Jominy specimen (1a): The cooling 

curves of the essential end-face distances are shown in the TTT diagram (1b). The hardness 

values in HRC, determined on these end-face distances, yield the hardness curve. 
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Fig. 2. Influences on the tooth root bending strength: a) Influence of the core strength on the 

tooth root strength in the low-cycle fatigue range and in the overload breakage range for 

various case-hardening steels; b) Influence of the ratio of case-hardening depth to modulus on 

the tooth root bending fatigue strength [4]. 
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Fig. 3. Influence of the hardness at the end-face distance J6.5 on tooth flank alignment 

changes in the case-hardening of gears charged on the flat and produced from heats with 

differing hardenability [5].  




