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Abstract: Carbide precipitation, coarsening and hardness variations have been 

investigated for a quenched and tempered Dievar steel by SEM, TEM, STEM, 

HRTEM, XRD and hardness investigations. The carbide precipitation sequence has 

been ascertained as: M8C7 + bainitic / auto-tempered carbides → M8C7 + M2C + 

M7C3 → M8C7 + M7C3 + M23C6 → M8C7 + M7C3 + M23C6 + M6C. The boundary 

carbides coarsen significantly faster than the matrix ones. Hardness variations 

originating from the carbide evolution have been qualified. A fine-dispersion of M2C 

carbides has led to a high hardness on tempering at 550 ºC, whereas the hardness 

drops drastically for tempering at 600 / 650 ºC predominately due to the dissolution of 

unstable M2C and the coarsening of carbides. 

Keywords: Dievar steel, secondary alloy carbides, carbide coarsening, hardness 

evolution, secondary hardening  

1. Introduction 

Dievar is a new type of high-performance hot working die steel grade designed based 

on the chemical composition of H13 tool steel. It offers an excellent resistance to heat 

checking, gross cracking, hot wearing and plastic deformation at temperatures above 

500 ºC, which has been widely used in the die casting-, forging- and extrusion 

industries[1]. The normal industrial heat treatment schedule for Dievar steel is 

spheroidizing annealing, austenization, oil quenching and high-temperature tempering, 

where the precipitation of secondary alloy carbides plays the main role in the 

strengthening of this grade of steel on tempering at temperatures ≥ 500 ºC[2].  



The austenitizing temperature for hot working die steels has been reported in the 

temperature range of 1020 - 1080 ºC[3], where primary carbides have been observed 

after oil quenching. Hot working die steels after oil quenching at 1030 ºC normally 

lead to a high hardness and good wear resistance, but a relatively lower impact 

toughness compared with samples quenching at other temperatures in the temperature 

range of 1020 - 1080 ºC[3, 4]. Undissolved primary carbides after quenching have been 

ascertained as V-rich MC carbides (or M8C7 - the substoichiometric composition of 

MC due to the carbon deficiency) due to its dissolution temperature being higher than 

the austenitizing temperature[5]. 

Many investigations have been carried out to study the precipitation of carbides for 

hot working die steels after different tempering schedules, where various sorts of 

secondary alloy carbides form with the diffusion of substitutional elements, such as Cr, 

Mo and V, which results in the variation in hardness values[5-7]. The equilibrium 

carbides in H13 steel tempered from 500 to 650 ºC are MC, M23C6 combined with a 

small amount of M6C according to thermodynamic simulations[8]. First of all, rod-like 

cementite has been detected in an H13MOD (Fe-0.38C-5.13Cr-1.84Mo-0.49V) steel 

on tempering at low temperatures; and coarsening of cementite occurs with the 

increase of tempering temperature, contributing to approximately 5 HRC hardness 

decrease for tempering at temperatures increasing from 540 ºC to 600 ºC for 2×2 h[5]. 

Secondly, needle-like Mo-rich M2C carbides, exhibited to be coherent with the ferritic 

matrix, always precipitate after cementite and keep in very small sizes even at 

comparatively higher temperatures (e.g. >600 ºC), i.e. 0.28C-3Cr-2.9Mo-0.08Nb steel 

tempered at 640 ºC[9]. A higher Mo content in Dievar leads to a higher hardenability 

and a greater tempering resistance with a uniform distribution of Mo-rich M2C 

carbides in the ferritic matrix responsible for the secondary hardening effect[2, 10, 11]. 

The decomposition from metastable M2C carbides to M6C carbides with a narrow 

thermodynamic stability region has also been reported to occur at tempering 

temperatures above 600 ºC[8]. The mass fraction of Mo-rich M6C carbides is lower 

than that of Cr-rich M7C3 and M23C6 carbides due to its narrow thermodynamic 



stability region[12]. Thirdly, Cr-rich M7C3 and M23C6 carbides with a polygonized or 

faceted structure have been found to form on tempering at around 600 ºC and have a 

poor thermal stability, which is eager to coarsen or decompose, leading to the 

deterioration of strength and toughness[7, 13]. The precipitation of M7C3 carbides 

predominantly depends on the concentration of Cr atoms[14, 15], where Cr enriches 

cementite up to about 20 at.%[12], leaving only a small amount of Cr available in the 

solid solution of low Cr steels (less than ~3%[12]), resulting in the in-situ 

transformation from cementite to M7C3 particles. The formation of M7C3 and M23C6 

takes place either via the in-situ transformation from alloyed cementite as Cr can take 

the place of iron atoms in cementite if there is sufficient soluble Cr in solid solution or 

by the separate nucleation in the ferritic matrix and along grain/sub-grain 

boundaries[16, 17]. Furthermore, there are two morphologies of V-rich MC / M8C7 

carbides present on tempering at high temperatures for a longer time: larger and 

circular ones (primary carbides) and a fine dispersion of nano-sized ones derived from 

the transformation from other less thermal stable alloy carbides[5, 8, 9]. It has been 

shown that the uniform and fine dispersion of Mo-rich M2C and V-rich MC/ M8C7 

carbides in the ferritic matrix not only contributes to the secondary hardening but also 

confines the coarsening of martensitic laths, which further contributes to a higher 

tempering resistance in terms of maintaining high strength and excellent toughness for 

this grade of steel[18, 19].  

A stable microstructure for Dievar steel at higher temperatures above 500 ºC is 

desired, which is highly dependent on the research on the carbide formation and 

evolution during the quenching and tempering process. Several efforts on heat 

treatments and microstructure developments for this grade of steel have already been 

reported[20, 21]; however, the detailed carbide precipitation and coarsening behavior as 

well as their influences on the hardness variation have not been systematically and 

quantitatively studied. Therefore, the purpose of this paper is to investigate the 

carbide precipitation and evolution behavior for Dievar steel under various tempering 

time / temperature schedules; additionally, their contributions to the hardness 



variation have been discussed as well. Eventually, the understanding of the carbide 

precipitation and hardness variation will significantly benefit the prediction of the 

tempering responses for these grades of steels.  

2. Experimental Section 

Dievar steel after vacuum smelting, electroslag and ultra-fine treatment was selected, 

and its chemical composition is shown in Table 1. Specimens with size of 130×40×30 

mm were firstly isothermal spheroidizing annealed to produce an uniform structure 

with spherical carbides distributed in the ferrite. The spheroidizing annealed 

specimens were austenitized at 1030 ºC for 0.5 h, followed by an oil quenching 

process. Finally, quenched samples were tempered at 550, 600 and 650 ºC for 4 h, 8h, 

16 h and 24 h.  

Table 1. The chemical composition of Dievar steel (wt %) 

Material C Mn P S V Mo Cr Si Ni 

Dievar 0.39 0.42 0.007 0.001 0.7 2.37 4.84 0.22 0.10 

 

The microstructure evolution, mainly on the carbide precipitation and coarsening, was 

examined using a NovaNano450 scanning electron microscope (SEM), Jeol 2100 

transmission electron microscope (TEM), Talos F200S scanning transmission electron 

microscope (STEM and HRTEM). SEM and bright-field (BF) images were used to 

observe the morphology of various carbides, while selected area diffraction patterns 

(SADP) were used to confirm the carbide types[5]. HRTEM was applied for the 

identification of needle-shaped carbides and the fourier transform method was used to 

determine and calibrate the carbide structure. High angle annular dark-field STEM 

(HAADF-STEM) imaging with energy dispersive X-ray spectroscopy (EDS) was 

utilized to ascertain carbide compositions in different tempering conditions. More 

than 100 carbides have been selected to confirm carbide types and compositions in 

each tempering condition. SEM samples with the size of 10×10×5 mm were polished 



to a PO-S finish and etched in 4% natal for 30 s. Thin foil specimens for TEM and 

STEM observations were cut from the center of the as-quenched and tempered 

samples, then ground with mesh abrasive papers (grit no. 400-800-1000-2000) to 70 - 

80 μm. Then, Gatan 695 ion beam thinner was used to produce a thin area by reducing 

the thinning voltage from 7 keV to 3 keV. Image J analysis software was used to 

obtain the length, width and distribution of particles from SEM or TEM images where 

approximately 1000 particles were measured for each assessed condition. An example 

showing the definition of carbide morphology categories on tempering is shown in 

Figure 1. Tiny needle-shaped carbides are present in the ferritic matrix. Larger 

spherical carbides and elliptical carbides with aspect ratio of 1.5 - 4 exist in the ferritic 

matrix and along boundaries. Carbides located at boundary are defined as boundary 

carbides, whereas carbides situated in the ferritic matrix are defined as matrix 

carbides. 

 

Figure 1. An example showing the definition of carbide morphology categories: tiny 

needle-shaped carbides in the matrix (blue circled), larger spherical carbides (white circled) and 

elliptical carbides (yellow circled).  

XRD measurements were carried out using a X’ Pert3 MRD instrument with a cobalt 

target (wavelength λ=1.78901 Å) to confirm the initial quenched microstructure for 

Dievar steel. XRD data were recorded in the 2θ range from 45° to 128°. 

Rockwell macro-hardness (load 20 kg) testing[5] was used to measure sample hardness. 



Fifteen indents were taken for each sample. Indents were taken at least 3 mm away 

from the sample edge to avoid the influence of the possible decarburization from the 

former heat treatment.  

JMatPro with general steel database and Thermo-Calc software with TCFe 10 

database[8] were employed to calculate carbide dissolution temperatures, equilibrium 

carbide volume fractions, equilibrium carbide compositions in Dievar steel.  

3. Results 

3.1 As-quenched microstructure 

Lath martensite, a small amount of lenticular martensite, lower bainite, retained 

austenite, larger spherical carbides and auto-tempered carbides have all been observed 

after oil quenching, seen in Figure 2. Due to the relatively large sample size (130 × 40 

× 30 mm) and the cooling rate estimated to be lower than 9 ºC/s[22] for the temperature 

region of 300 - 350 ºC on oil quenching, lower bainite forms where cementite with the 

average length of 130±20 nm precipitates as parallel arrays at about 60º to the axis of 

the bainitic plate, white arrowed in Figure 2 (a). Auto-tempering takes place within 

martensitic laths during oil quenching, where the average length for auto-tempered 

carbides is roughly 90±20 nm, red arrowed in Figure 2 (b). Lenticular martensite, 

shown in Figure 2 (c), has been transformed from austenite on cooling, as the carbon 

content in the solid solution at 1030 ºC is predicted to be 0.368 wt% (Thermo-Calc 

calculation) which supports the simultaneous formation of lath martensite and 

lenticular martensite. The XRD pattern of the oil-quenched sample is shown in Figure 

2 (d), where the (200)γ peak for the retained austenite is present. In terms of verifying 

the existence of the retained austenite in the as-quenched microstructure, the TEM 

observations using SADP and dark field images have been utilized in Figure 3. The 

retained austenite and spherical M8C7 carbides in this steel after oil quenching have 

both been ascertained. In addition, larger spherical carbides have been confirmed as 

V-rich M8C7 carbides with the diameter ranging from 100 to 300 nm, as shown in 



Figure 3, which are considered as the undissolved primary carbides due to its 

dissolution temperature (theoretically calculated to be 1054 ºC by Thermo-Calc) 

being higher than the austenitizing temperature 1030 ºC[5, 6, 8]. Mo and Cr have been 

found to accumulate in these spherical V-rich M8C7 carbides.  

  

 

Figure 2. Microstructures of Dievar steel after oil quenching at 1030 ºC: (a) (b) SEM images 

showing the presence of lath martensite (red arrowed), lower bainite (white arrowed), larger 

spherical carbides (black arrowed) and auto-tempered carbides within martensitic laths (red 

arrowed); (c) TEM image showing the existence of lenticular martensite (white arrowed); (d) 

XRD results showing the presence of the retained austenite. 

  



 

 

Figure 3. TEM images showing the presence of larger spherical carbides (black arrowed) and 

retained austenite (blue arrowed) after quenching at 1030 ºC in Dievar steel: (a) (e) bright-field 

images; (b) Dark field pattern for (a); (c) (d) SAD pattern for (a); (f) EDS spectra for the particle 

in (e) (black arrowed). 

3.2 Carbide precipitation and coarsening on tempering  

As shown in Figure 4 and 5, different shapes of carbide are shown in SEM and TEM 

observations. Spherical carbides, elliptical carbides and very tiny needle-shaped 

carbides are present in different tempering stages. First of all, larger spherical carbides 

(white arrowed in Figure 4) persist at 550 - 650 ºC for short and long tempering times. 

Secondly, very tiny needle-shaped carbides, black arrowed in Figure 5, have been 

observed within the matrix at lower temperatures even for a prolonged tempering 

procedure, like at 550 ºC for 24 hours in Figure 5 (b). However, these carbides have 

disappeared with the increase of tempering temperatures, such as at 600 ºC for 16 

hours, Figure 5 (d). In addition, elliptical carbides preserve and coarsen at 550 - 650 

ºC, yellow arrowed in Figure 4, which are probably either newly-formed alloy 

carbides or spheroidized pre-existing carbides.  



  

  

  

Figure 4. Microstructures of Dievar steel after tempering at different temperatures for various time 

(SEM observations): (a) 550 ºC for 4 h; (b) 550 ºC for 24 h; (c) 600 ºC for 4 h; (d) 600 ºC for 24 h; 

(e) 650 ºC for 4 h; (f) 650 ºC for 24 h.  



  

  

 

Figure 5. TEM images showing the presence of larger spherical carbides, elliptical carbides and 

very tiny needle-shaped carbides within martensitic laths in different tempering conditions: (a) 

550 ºC for 4 h; (b) 550 ºC for 24 h; (c) 600 ºC for 4 h; (d) 600 ºC for 16 h; (e) 650℃ for 4 h. 



Precipitation of different types of alloy carbides leads to variations in carbide 

morphologies on tempering at 550 - 650 ºC. In order to consistently check the 

substitutional element contents in carbides experimentally, the substitutional element 

M (M=Cr, Mo, V) to Fe ratio YM is used as defined in Equation (1) 

YM=wt(M)/wt(Fe) (1) 

Where wt (M) and wt (Fe) are the weight percentages of M and Fe respectively from 

the EDS measurements. Firstly, spherical carbides have been ascertained as V-rich 

M8C7 carbides, Figure 6 (a) - (c), which are also supposed to be primary carbides, 

being consistent with those in the as-quenched microstructure in Figure 2 and 3. As 

listed in Table 2, spherical M8C7 carbides persist in all tempering conditions. Mo and 

Cr diffuse and segregate into M8C7 particles, Figure 6 (c) and Table 3, where Mo is 

the second predominating substitutional element constituting V-rich M8C7 particles, 

which roughly agrees with the thermodynamic prediction of equilibrium alloying 

contents in MC ranking as V > Mo > Cr. Secondly, very tiny needle-shaped carbides 

present within matrix, whose average length is much smaller than that of 

auto-tempered carbides in Figure 7, have been ascertained to M2C carbides based on 

the HRTEM analysis in Figure 8. The transformation from auto-tempered carbides to 

M2C in the ferritic matrix takes place for a short tempering time 4 h at 550 - 650 ºC, 

as shown in Figure 5, Table 2 and Figure 7. Tiny needle-like M2C carbides are 

thermodynamically unstable at higher temperatures[2, 9], and easily coarsen and 

decompose to other alloy carbides as the number density decreases meaningfully with 

the increase of tempering temperatures for the constant tempering time 4 h, Figure 7. 

However, they can remain at relatively lower temperatures, like 550 ºC, for an 

extended tempering process (e.g. 24 h), Table 2 and Figure 5, resulting in a 

comparatively larger low-temperature tempering resistance for Dievar steel. Thirdly, 

small elliptical Cr-rich M7C3 carbides with an average length of 100 - 150 nm, Figure 

6 (d) - (f), have been detected except for the tempering condition at 600 ºC for 4 h, 

Table 2. As shown in Figure 9 (a) - (d), Cr have commenced to segregate along the 

boundaries to support the formation of Cr-rich carbides for a short tempering time (4 

h) at 600 ºC[16]. The enrichment and redistribution of Cr in pre-existing particles (i.e. 

larger spherical V-rich M8C7 carbides) also gives the priority for Cr-rich carbides to 

nucleate at the interface of pre-existing carbides[23]. Additionally, larger elliptical 

Cr-rich M23C6 carbides with an average length of 150 - 200 nm appear at relatively 



higher tempering temperatures or for a longer tempering time, Figure 6 (g) - (i) and 

Table 2, which are also calculated as one of equilibrium carbides in Dievar steel. As 

listed in Table 3, the higher Cr content in carbides in Figure 6 (i) demonstrates that 

more Cr segregates in Cr-rich particles, which is expected to promote the in-situ 

transformation of M7C3 to M23C6. Moreover, elliptical Mo-rich M6C carbides with an 

average length of 200 - 250 nm, another simulated equilibrium carbide in this steel, 

have also been found on tempering at 550 - 600 ºC for 24 h, which concurrently exist 

with V-rich M8C7 and Cr-rich M7C3 and M23C6 carbides. As seen in Figure 9 (e) - (h), 

elliptical Cr, Mo-rich particles are distributed either around the primary V-rich 

carbides or along boundaries on tempering at 600 ºC for 24 h, which illustrates the 

coincidence of the in-situ transformation and separate nucleation and growth for 

secondary alloy carbides (like M7C3, M23C6 or M6C) on tempering.  

 

 

 



 

Figure 6. TEM images of different alloy carbides: (a) morphology of M8C7 carbide; (b) 

corresponding SAD pattern for the particle in (a); (c)EDX spectra for the spherical carbide in (a); 

(d) morphology of M7C3 carbide; (e) corresponding SAD pattern for the particle in (d); (f) EDX 

spectra for the elliptical carbide in (d); (g) morphology of M23C6 carbide; (h) corresponding SAD 

pattern for the particle in (g); (i) EDX spectra for the faceted carbide in (g); (j) morphology of 

M6C carbide; (k) corresponding SAD pattern for the particle in (j); (l) EDX spectra for the carbide 

in (j). 

Table 2. Summary of carbides identified in Dievar steel tempered at 550 / 600 / 650 ºC 

Tempering temperature / ºC Tempering time / h 
Identified carbides 

M8C7 M2C M7C3 M23C6 M6C 

550 

4 √ √    

16 √ √    

24 √ √ √ √ √ 

600 

4 √ √ √   

16 √  √ √  

24 √  √ √ √ 

650 

4 √ √ √ √  

16 √  √ √  

24 √  √ √ √ 

Equilibrium carbides 

(Thermo-Calc calculation) 
 √   √ √ 

 

 

 

 

 



Table 3. The M to Fe ratio YM (M=Cr, Mo and V) for different carbides in Figure 6 from the EDS 

measurements on tempering  

 YCr YMo YV 

The spherical carbide in (a) 0.16±0.01 0.25±0.01 0.86±0.02 

The elliptical carbide in (d) 0.69±0.02 0.16±0.01 0.06±0.01 

The elliptical carbide in (g) 1.19±0.04 0.31±0.01 0.10±0.01 

The elliptical carbide in (j) 0.08±0.01 0.53±0.02 0.06±0.01 

 

 

Figure 7. The average length and number density variations for tiny needle-shaped carbides within 

martensitic laths on tempering.  

(a)  (b)  (c)  

Figure 8. Confirmation of the type of needle-shaped carbides on tempering at 550 ºC: (a) the 

bright field image of a chosen area; (b) the HRTEM image of a selected carbide in (a); (c) FFT 

analysis of the selected carbide in (b). 

 

(a) (b) (c) (d  



(e) (f) (g) (h  

Figure 9. STEM EDS-mapping on different carbides precipitated in Dievar steel on tempering at 

600 ºC for 4 h: (a) the bright-field image showing the existence of spherical and smaller elliptical 

carbides; (b) - (d) elemental mapping; for 24 h: (e) the bright-field image showing the presence of 

spherical and elliptical carbides; (f) - (h) elemental mapping. 

The boundary and matrix carbides in Figure 4 both coarsen and spheroidize during 

tempering, where larger carbides grow at the expense of smaller ones due to Ostwald 

ripening. Figure 10 shows the variations of carbide size and number density for inter- 

and intra-lath particles on tempering at 550 - 650 ºC. The sizes for the boundary 

carbides are larger than those for the matrix carbides due to the faster solute boundary 

diffusion. It has been shown that the coarsening rate for the boundary carbides varies 

noticeably with increasing tempering temperatures, e.g. from 550 to 650 ºC, Figure 10 

(a) (b). The size of the boundary carbides rises mildly during tempering at 600 / 650 

ºC for a short tempering time, however, it climbs drastically on tempering at the same 

temperature for a long tempering time (i.e. 16 and 24 h), which can be seen in Figure 

11. Nevertheless, the size for the matrix carbide keeps constant with increasing 

tempering temperatures, Figure 10 (a) (b), probably due to the newly-precipitated 

small alloy carbides replacing the previous larger pre-existing matrix particles. In 

addition, carbide number density decreases with tempering time due to the occurrence 

of carbide coarsening, Figure 10 (c).  

 



 

Figure 10. The average (a) length (b) width and (c) number density variations for carbides in 

Dievar steel in different tempering conditions. 

3.3 Hardness variation on tempering  

Figure 11 shows the hardness variation for Dievar steel in different tempering 

conditions, where the as-quenched hardness is approximately 55 HRC. It can be seen 

that the hardness remains at a high level (≥ 50 HRC) for tempering at 550 ºC, where 

no obvious hardness decrease takes place even for a long tempering time up to 24 h, 

giving Dievar steel a higher thermal stability at this temperature. However, the 

hardness decreases gradually from approximately 42 HRC to 31 HRC on tempering at 

600 ºC with the extension of time from 4 h to 24 h. Furthermore, with the increase of 

tempering temperatures from 600 ºC to 650 ºC, the hardness decrease for the 4 h 

tempering condition is more obvious (41 HRC at 600 ºC to 29 HRC at 650 ºC). 

Finally, the hardness decreases to 22 HRC for tempering at 650 ºC for 24 h, which 

cannot meet the service requirements of this grade of steel. 

 

Figure 11. The hardness variation for Dievar steel after tempering at different temperatures. 



4. Discussions 

4.1 Carbide precipitation on quenching and tempering 

As listed in Table 2, thermodynamically calculated equilibrium carbides in Dievar are 

V-rich MC, Cr-rich M23C6 and Mo-rich M6C, which are slightly different from the 

identified carbides on quenching and tempering. The presence of V-rich primary 

carbides can pin the prior austenite grain growth to further refine the martensitic 

structure on quenching[23]. Lower bainite forms during oil quenching in Dievar with 

carbon diffusion under the para-equilibrium condition, where bainitic carbides, which 

are supposed to be cementite based on the observation in a X37CrMoV5-1 steel[24], 

appear as parallel arrays at about 60º to the axis of the bainitic plate due to its 

precipitation in one variant of the orientation relationship[25]. Lath martensite are 

present with auto-tempered carbides existing nearly in Widmanstätten arrays. Ms for 

Dievar approaches 328 ºC (JMatPro calculation), thus, carbon still has a certain 

diffusion ability below Ms (i.e. DC-α (300 ºC) =3.16×10-14 m2/s[26]) to segregate on 

dislocations to form carbides withins laths after martensite transforms.  

It has been found that the carbide coarsening rate is associated with the diffusion of 

the rate-controlling alloying elements, such as Cr, Mn and V with a much lower 

diffusion coefficient compared to C[12, 14, 15]. Large spherical V-rich M8C7 carbides are 

left over from primary carbides and retained on oil quenching and tempering, however, 

coarsening of M8C7 occurs relatively sluggishly on tempering due to the slow 

diffusivity of V (e.g. DV-α(600ºC)=1.4744×10–14 m2/s[27]). Cr and Mo segregate in the 

V-rich carbide interior, seen in Figure 3 (d) and Figure 6 (c), which prefer to 

distributed around primary carbide - ferrite interfaces[28-29]. The M8C7 carbide - ferrite 

interfaces with the enrichment of Mo and Cr can act as Cr / Mo sinks, giving rise to 

the heterogeneous nucleation for subsequent alloy carbides formed upon tempering, 

as shown in Figure 9. It has been reported that Mo-rich M2C carbides precipitate after 

the formation of cementite in Cr-Mo-V steels with a high bulk Mo/V ratio during the 

early stage of tempering[30, 31]. M2C carbides, keeping coherent with the ferritic matrix, 

start to precipitate as tiny needle-shaped particles with the aspect ratio of 1.0 - 4.0 in 

Dievar for a short tempering process, Figure 8, and grow in three equivalent 



directions in Figure 5. These needle-shaped carbides remain stable at low 

temperatures even for an extended tempering procedure (i.e. at 550 ºC for 24 h), Table 

2. In addition, the formation of Cr-rich elliptical M7C3 carbides is much earlier 

compared to the other Cr-rich equilibrium M23C6 carbides in this steel for tempering 

at 600 ºC. Dislocations, distinct interfaces and grain / subgrain boundaries are 

regarded as active initiators for these carbides with low Gibbs energy barriers. Cr-rich 

carbides undergoes a gradual transition from M7C3 to M23C6 crystal structures based 

on the polymorphic transition mechanism in metals[32]. YCr in Cr-rich carbides is 

gradually achieving the equilibrium value of 1.53 with prolonged tempering time, 

listed in Table 3. In high Cr-Mo containing steels[16, 33], the precipitation sequences for 

Cr-rich carbides have been established as cementite→M7C3→M23C6 or 

cementite→M23C6. Hence, it is expected that stable M23C6 carbides with a higher YCr 

are reinforced in a long tempering schedule compared to M7C3 carbides in this steel. 

In addition, stable Mo-rich M6C particles with an elliptical shape form at 550 - 600 ºC 

for 24 h with the decomposition of metastable Mo-rich M2C carbides, Table 2. These 

elliptical Cr-rich and Mo-rich carbides prefer to precipitate either via the in-situ 

transformation from pre-existing carbides (such as spherical V-rich M8C7) or by the 

separate nucleation along boundaries. As seen in Table 2, M2C and M8C7 persist at 

lower tempering temperature of 550 ℃ for up to 24 h, whereas M7C3, M23C6 and M6C 

are observed for a longer time of 24 h at the same temperature. A higher tempering 

temperature accelerates the carbide evolution process[6, 10]. M2C carbides have only 

been observed on tempering at 600 / 650 ℃ for 4 h, which eager to transform to other 

stable alloy carbides[9]. M8C7, M7C3 and M23C6 have all been observed on tempering 

at 650 ℃ for 4 - 16 h. Therefore, based on the identification of alloy carbides, the 

precipitation sequence for this grade of steel can be addressed on oil quenching and 

tempering as followed: M8C7 + banitic carbides + auto-tempered carbides → M8C7 + 

M2C + M7C3 → M8C7 + M2C + M7C3 + M23C6 →M8C7 + M7C3 + M23C6 → M8C7 

+ M7C3 + M23C6 + M6C, which elucidates the progressive carbide transformation 

from pseudo-equilibrium particles to equilibrium ones for tempering.  



4.2 The influence of carbide evolutions on hardness variations for tempering 

As shown in Figure 11, the hardness remains at a high level (≥ 50 HRC) for 

tempering at 550ºC, where a large number of fine needle-shaped M2C carbides 

present within the ferritic matrix giving a secondary hardening effect, Figure 5. The 

high number densities of needle-like M2C particles at 550 ºC for the 4 - 24 h 

tempering conditions in Figure 7 indicate that M2C carbides can effectively and 

efficiently pin dislocation motions. As the average length for M2C carbides increases 

from 10 to 40 nm on tempering from 4 h to 24 h at 550 ºC, the bypass strengthening 

mechanism plays the main role in the precipitation strengthening[34]. In addition, 

needle-shaped M2C carbides are unstable and tend to transform to other equilibrium 

carbides at higher temperatures[2, 9, 30, 31], where the number density decreases 

significantly at 600 / 650 ºC, being consistent with hardness variations at the same 

temperature. Furthermore, coarsening of carbides also leads to the loss of coherency 

with the ferritic matrix, and a continuous hardness decrease occurs consequently. The 

rates of coarsening for carbides after tempering at 600 and 650 ºC from 4 h to 24 h are 

much higher than that after tempering at 550 ºC due to the faster diffusion of 

substitutional alloying elements at higher temperatures (i.e. DMo-α(550 ºC)=3.7944×

10-15 m2/s compared with DMo-α(600 ºC)=1.2694×10-14 m2/s, DMo-α(650 

ºC)=1.427×10-13 m2/s[35, 36]). The estimated hardness values based on the Hírsch and 

Humphreys precipitation hardening equation[37, 38] at 550 ºC in Figure 12 sustains the 

highest (≥ 320 HB) compared to other tempering conditions at 600 and 650 ºC, 

which agrees with the practical hardness results in Figure 11. A comparatively slower 

coarsening rate at 550 ºC results in a lower hardness decrease (44 HB) compared to 

that at 600 ºC (110 HB). Moreover, there is a consecutive hardness decrease (practical 

and estimated) at 600 ºC in Figure 11 and 12, which is derived from the continuous 

growth of carbides and consistent with the carbide size variation in Figure 10. Finally, 

the hardness values at 650 ºC remain the lowest due to the presence of larger particles, 

where the precipitation hardening contribution between 4 h and 16 h tempering 

conditions at 650 ºC exhibits almost no difference, being consistent with the carbide 

size variation in Figure 10 and practical hardness values in Figure 11.  



 

Figure 12. Predicted (using Hírsch and Humphreys precipitation hardening equation) 

boundary/matrix carbide contribution to hardness in Dievar steel after tempering for 4 h, 8 h, 16 h 

and 24 h at 500 / 600 / 650 ºC. 

5. Conclusion 

Carbide precipitation and coarsening behaviors related with hardness variations in 

Dievar steel have been quantified and characterized in detail, where the effect of 

alloying elements Cr, Mo and V has been considered. The main conclusions are:  

(1) The precipitation sequence for Dievar steel can be addressed on oil quenching and 

tempering as followed: M8C7 (V-rich) + banitic carbides + auto-tempered carbides → 

M8C7 + M2C (Mo-rich) + M7C3 (Cr-rich) → M8C7 + M7C3 + M23C6 (Cr-rich) → 

M8C7 + M7C3 + M23C6 + M6C (Mo-rich).  

(2) Carbides coarsen on tempering, where the sizes for boundary carbides are 

obviously larger than those for matrix carbides due to the faster solute lath/grain 

boundary diffusion. The sizes for boundary carbides increase noticeably with 

increasing tempering temperatures, e.g. from 600 ºC to 650 ºC, whereas the sizes for 

matrix carbides nearly keep constant. 

(3) The hardness remains at higher than 50 HRC on tempering at 550 ºC even for 24 h 

probably due to a fine dispersion of needle-shaped M2C carbides within laths to pin 

dislocation motions. However, the hardness drops rapidly for tempering at 600 and 

650 ºC because of the gradual dissolution of unstable needle-shaped carbides and the 

coarsening of elliptical alloy carbides, like Cr-rich M23C6 and M7C3.  
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