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Abstract:

 Studies of H13 steel suggest that under appropriate conditions, additions of rare-earth metals (REM) can significantly enhance mechanical properties, such as impact toughness. This improvement is apparently due to the formation of finer and more dispersive RE inclusions and grain refinement after REM additions. In this present work, the microstructure evolution and mechanical properties of H13 steel with rare earth additions (0, 0.015, 0.025 and 0.1 wt.%) were investigated. The grain size, inclusions and fracture morphology were systematically studied by means of optical microscopy (OM), scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The results indicate that REM addition of 0.015 wt.% can result in good improvement of performance compared to the REM additions of 0.025 wt.% and 0.1 wt.%. It is found that the impact toughness is significantly enhanced with the addition of 0.015% REM, which can be improved 90% from 10 J to 19 J. Such an addition of REM can result in a huge volume fraction of finer and more dispersive inclusions which are extremely good to toughness.
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1. Introduction

H13 steel is a kind of hot work die steel with high harden ability, good toughness, good heat resistance, thermal stability, antioxidant capacity and thermal fatigue behavior, which is widely used in hot-pressing, hot-extrusion and casting of dies [1,2]. In practical use, there are two main failure forms: one is fracture failure and the other thermal fatigue. Practically speaking, the early fracture of a hot-work due to the poor impact toughness is the main failure form [3,4]. The cracks are normally observed on the die surface as a network, which results in more than 80% failure of dies [5]. Therefore, increasing the impact toughness of dies is extremely important to increase the life of hot work die steels. To solve this problem, many studies have been done on the high temperature strength and the impact toughness of hot work die steels and a number of new types of hot work tool steels have been developed to improve such properties, They have found that the failure of H13 steel is mainly caused by the large and strip inclusions and the coarse microstructure [6,7,8,9,10]. These defects result in the increasing of brittleness of die and early cracking. Therefore, it is necessary to take some strengthening measures in order to improve the service life of dies. One of today’s modern manufacturing techniques, such as electroslag remelting (ESR) technology, is a good method to refine the inclusions and microstructure, which is when the steel is with high purity and uniform microstructure. However, the disadvantage of ESR is the high cost of power and the pollution of the environment due to the slag containing CaF. Thus, it is necessary to use chemical modification by adding small quantities of some chemical elements.

Recently, many studies have showed that REM has the effect of improving the microstructure [11]. The addition of REM can not only purify the molten steel and improve microstructure, but can also modify the behaviors of inclusions. REM elements, such as cerium and lanthanum, can form extremely stable oxides, oxy-sulfides and sulfides [12,13]. The Gibbs’ free energies of these compounds at high temperatures are so low that REM elements can combine readily with oxygen and sulfur when added to liquid steel [14]. The melting temperatures of these compounds are quite high [15]. Therefore, they can precipitate as solid particles in liquid steel as Al2O3 inclusions. Because of their strong affinity with oxygen and sulfur, REM elements have been used in both deoxidation and desulfurization steels. Unfortunately, the oxides, sulfides and oxy-sulfides of the REM have similar densities compared to that of liquid steel. Therefore, once formed, the removal of inclusions is relatively difficult. There have been a number of researches pertaining to the application of REM elements in molten steel. Substantial improvements have been achieved in mechanical properties due to the modifications of the morphology and size of inclusions [16,17,18,19,20,21,22,23,24,25,26]. However, the purity of steel can be declined and some important properties deteriorated when the REM addition technology is improperly used, such as the unreasonable amounts of REM addition, which will eventually affect the application of REM in the steel.

Recently, there have been few works relating to the application of REM in improving the mechanical properties of the H13 hot work die steels. Therefore, the purpose of this paper is to discuss the effects of moderate amounts of REM on the microstructure and mechanical properties of H13 steel, focusing on the relationship between REM contents and the mechanical properties.



2. Experimental Section

The material investigated in this work is H13 steel. The compositions of H13 steel are listed in Table 1. The alloy was melted in a 25 kg capacity medium frequency induction furnace. Once the alloy was melted in a furnace under argon gas atmosphere, about 0.1% pure aluminum was added to deoxidize the melt. The REM (mainly containing 30% La and 65% Ce) was added into the molten steel under the atmosphere when the oxygen content in molten steel was reduced to low level. Different amounts of REM were added into the melt, wrapped in aluminum foil, stirred to ensure the homogeneity of compositions. The residual amounts of REM in steel were 0%, 0.015%, 0.025% and 0.1%, respectively, as shown in Table 1.

Table 1. The compositions of H13 steel ingots (wt%).


	Ingots
	C
	Si
	Mn
	S
	Cr
	Mo
	V
	REM
	O





	1#
	0.38
	1.2
	0.47
	0.005
	4.90
	1.40
	1.05
	0
	0.001



	2#
	0.38
	1.18
	0.49
	0.001
	5.02
	1.40
	1.06
	0.015
	0.0002



	3#
	0.38
	1.2
	0.49
	0.001
	4.94
	1.39
	1.06
	0.025
	0.0004



	4#
	0.38
	1.2
	0.49
	0.001
	4.94
	1.39
	1.06
	0.1
	0.0006








In the forging process, the initial forging temperature and final forging temperature are 1150 °C and 900 °C. All the ingots were rapidly water cooled down to room temperature after forging. The final size of forging ingots was 70 mm × 70 mm × 500 mm. Then the spheroidizing annealing was carried out, which the temperature was raised to 870 °C for 2 h, then cooled to 740 °C for 4 h, eventually furnace cooled to room temperature. The forging and heat treatment of all samples are the same.

The impact toughness was determined after quenching and tempering. The heat treatment of the specimens consisted of austenitizing at 1020 °C for 40 min with subsequent oil cooling to room temperature. Afterward, the samples were two times tempering, the temperature was 610 °C and 600 °C for 2 h. The impact tests were carried out at room temperature (≈20 °C). The specimens for charpy v-notch impact was prepared by spark cutting and then mechanically polished, which dimensions were 10 mm × 10 mm × 55 mm. The impact performance tests were conducted according to the standard method NADCA #207-2003 by using ZBC2452-C type test machine (Meitesi Industry System China Co., Ltd., Shenzhen, China).

Metallographic observations were carried out on the specimens subjected to casted state and heat treatment state. The statistic of grain size and inclusions were examined by using image statistic analysis. The types of inclusions and the observation of fracture morphology were extensively analyzed by SEM (JSM-6301F, Japan Electronics Corporation, Tokyo, Japan) equipped with energy dispersive X-ray spectroscopy (EDX), which demonstrated which specimens were impact tests. In addition, the morphology and the types of the inclusions in the matrix were analyzed by TEM. The samples for TEM observation were prepared by spark cutting and machinery polishing. Then samples were then reduced by using iron etching device. The TEM observation was conducted by using F20 (FEI company, Hillsboro, OR, USA), which is also equipped with an Oxford INCA type spectrometer (Japan Electronics Corporation, Tokyo, Japan) and GATAN 832 CCD image recorder (Japan Electronics Corporation, Tokyo, Japan).





3. Results and Discussion


3.1. The Analysis of the Microstructure after REM Addition

The grain size of casted steel with different contents of REM is shown in Figure 1. It is obviously seen that the grain size of REM free (see Figure 1a) is relatively larger compared to the ingots with REM treated (see Figure 1b–d). Through the statistic analysis of the images, the average grain size is about 50 μm without REM as shown in Figure 3a, while it can reach to 25 μm approximately after REM addition, indicating that obvious grain refinement takes place in casted state. The grain size after heat treatment state is shown in Figure 2. It can be seen that the grain size of the REM treated grain (see Figure 2b–d) is still smaller compared to the ingots without REM (see Figure 2a). Through the statistic analysis of the images, the average grain size is about 20 μm without REM while it can reach to 8 μm approximately after REM addition as shown in Figure 3b. It was found that the grain size changed 2.5 times from 50 μm to 20 μm without REM after heat treatment, which changed 3.1 times from 25 μm to 8 μm with REM treated after heat treatment. It is indicated that effect of REM on grain refinement is not obvious after heat treatment, which occurred mainly in the casted state.

Figure 1. The grain size of casted steels with different contents of REM (a) 1# ingot without REM; (b) 2# ingot with 0.015% REM; (c) 3# ingot with 0.025% REM; (d) 4# ingot with 0.1% REM.
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Figure 3. The grain refinement for the casted state (a) and after heat treatment; (b) tested by image statistic analysis.
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Figure 2. The grain size after heat treatment with different contents of REM (a) 1# ingot without REM; (b) 2# ingot with 0.015% REM; (c) 3# ingot with 0.025% REM; (d) 4# ingot with 0.1% REM.
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The effect of REM on the morphology of inclusions is shown in back-scattered electron micrographs in Figure 4. Figure 4a shows the micrograph of inclusion distribution without REM, which reveals coarse inclusions in the metal matrix. Figure 4b represents the micrograph of inclusion distribution with 0.015% REM. It can be clearly observed that the size of inclusions decrease with the addition of REM. Figure 4c,d show the micrograph of inclusion distribution with the REM additions of 0.025% and 0.1%, respectively. It has been found that the size of inclusions increased with the increasing REM content, which indicating that the amounts of REM should be added properly. The typical EDS of inclusions without REM and after REM addition are shown in Figure 5. It is observed from Figure 5a that mainly these types of inclusions consist of Al2O3 and MnS. The inclusions after REM additions, as shown in Figure 5b, mainly contain REM, sulfur and oxygen as determined by energy spectrometry. These particles are believed to be RE oxy-sulfides and were the most common form of inclusion found in this experiment.

Figure 4. The back-scattered electron micrographs of the inclusions after REM addition (a) 1# ingot with 0% REM; (b) 2# ingot with 0.015% REM; (c) 3# ingot with 0.025% REM; (d) 4# ingot with 0.1% REM.



[image: Metals 05 00383 g004 1024]





Figure 5. The typical EDS analysis of inclusions without REM (a) and after REM addition (b).



[image: Metals 05 00383 g005 1024]















Table 2 shows the quantitative relation of longitudinal length and number percentage of inclusions tested by image statistic analysis. As seen, the percentage of small size of inclusions (<2 μm) increases with the addition of 0.015% REM, is 90%. However, the percentage of small size of inclusions (<2 μm) decreases with the increasing of REM. It should be noted that the change in size of inclusions is important since it has a direct influence on the mechanical properties. On the other hand, adding appropriate elements of 0.015% REM to the alloy caused an increasing in the percentage of small size of inclusions from 7% in steel No. 1 to 71% in steel No. 2.

Table 2. The relation of longitudinal length and number percentage of inclusions tested by image statistic analysis [%].


	Ingots
	0–1 μm
	1–2 μm
	2–5 μm
	5–10 μm
	>10 μm





	1#
	0
	7
	22
	69
	2



	2#
	19
	71
	8
	2
	0



	3#
	5
	40
	45
	8
	2



	4#
	2
	10
	68
	15
	5










3.2. The Analysis of Grain Refinement

Many literatures have reported the mechanism of grain refinement of REM addition, which shows which numbers of grains are nucleated through heterogeneous nucleation. It has been reported that REM addition can refine the grain refinement because the RE oxide inclusions can act as the heterogeneous nuclei. These inclusions must have two conditions to become effective heterogeneous nuclei [27,28,29].

First, the lattice misfit between the inclusions and the matrix must be less than 6%. Secondly, the melting point of these inclusions must be higher than the solidification temperature.

TEM analysis of REM inclusions was performed on the samples, and the results are shown in Figure 6. Figure 6a shows the TEM image of inclusion, it is seen that the size of this inclusion is 300 nm and its shape is spherical. According to the analysis of the result of EDS (see Figure 6b), the inclusion is mainly composed of cerium, oxygen and sulfur. The inclusion, Ce2O2S, is identified by their diffraction patterns (see Figure 6c). High-resolution transmission electron microscopy (HRTEM) observations (see Figure 6d) show that the direction and spacing of interface between inclusion and matrix are basically the same, which indicate that the lattice misfit between the inclusions and the matrix is lower.

Figure 6. RE inclusion analyzed by TEM: (a) TEM image of inclusion; (b) EDS analysis of inclusion; (c) Diffraction patterns for corresponding to the inclusion; (d) HRTEM of the inclusion.
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According to the formula in Ref. [29], the ∆G of Ce2O2S at the temperature of 1500 °C is −576,367 J/mol, which indicates that Ce2O2S can be formed at the temperature of 1500 °C, and can exist in the melt when REM is added.

The boundary energy between the heterogeneous nuclei and the crystallization phase has an effect on nucleus formation and it depends on the structure of the two contacting crystalline faces (arrangement condition, atom size and interatomic spacing of the crystal faces) [28]. The value of the two-dimensional lattice misfits usually evaluated where some inclusions may act as the heterogeneous nuclei. The two-dimensional lattice disregistry mathematical model from Bramfitt [30] is:



[image: there is no content]



(1)




where, (hkl)s is the low index planner of inclusion, [uvw]s is the low index direction of (hkl)s, (hkl)n is the low index planner of matrix, [uvw]n is the low index direction of (hkl)n, d[uvw]s is the interatomic spacing of [uvw]s, d[uvw]n is the interatomic spacing of [uvw]n, θ is the angle between [uvw]n and [uvw]s.
The relationship of crystal orientation between low index crystal faces of matrix (δ-Fe) and Ce2O2S is shown in Figure 7. Results of calculation of two-dimensional lattice disregistry are shown in Table 3. The lattice disregistry between (0001) Ce2O2S and (111) δ-Fe is 3.5%, which is less than 6%. Therefore, the Ce2O2S can act as heterogeneous nucleation.

Figure 7. Relationship of crystallizing planes of Ce2O2S and δ-Fe. (a) between (0001) of Ce2O2S and the (110) of δ-Fe; (b) between (0001) of Ce2O2S and the (110) of δ-Fe; (c) between (0001) of Ce2O2S and the (111) of δ-Fe.
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Table 3. Results of calculation of two-dimensional lattice disregistry.



	
case

	
[hkl]s

	
[hkl]n

	
d[hkl]s/nm

	
d[hkl]n/nm

	
θ1/°

	
d[hkl]s·cosθ1/nm

	
δ






	
(0001)Ce2O2S//(110)δ-Fe

	
[1210]Ce2O2S

	
[001]δ-Fe

	
0.4

	
0.29315

	
0

	
0.4

	
53.5%




	
[2110]Ce2O2S

	
[111]δ-Fe

	
0.4

	
0.25388

	
5.3

	
0.3983




	
[1010]Ce2O2S

	
[110]δ-Fe

	
0.6928

	
0.41457

	
0

	
0.6928




	
(0001)Ce2O2S//(100)δ-Fe

	
[1210]Ce2O2S

	
[010]δ-Fe

	
0.4

	
0.29315

	
0

	
0.4

	
55.3%




	
[2110]Ce2O2S

	
[011]δ-Fe

	
0.4

	
0.41457

	
15

	
0.3864




	
[1010]Ce2O2S

	
[001]δ-Fe

	
0.6928

	
0.29315

	
0

	
0.6928




	
(0001)Ce2O2S//(111)δ-Fe

	
[1210]Ce2O2S

	
[110]δ-Fe

	
0.4

	
0.41457

	
0

	
0.4

	
3.5%




	
[1100]Ce2O2S

	
[121]δ-Fe

	
0.6928

	
0.71806

	
0

	
0.6928




	
[2110]Ce2O2S

	
[011]δ-Fe

	
0.4

	
0.41457

	
0

	
0.4















3.3. The Analysis of Impact Toughness after REM Addition

Figure 8 shows the typical curve of the impact toughness with different levels of REM at room temperature. It is found that the impact toughness is significantly enhanced with the addition of 0.015% REM, which can be improved 90% from 10 J to 19 J. In addition, it is easily seen that the toughness gradually decreases with the increasing addition of REM, when the addition amount of REM increases up to 0.1%, the impact toughness is decreased by 21% from 19 J to 14 J. J.J. Moore [24] firstly reported the effect of REM addition on the enhancement of mechanical properties. The focus of his work was to desulfurize sand cast steels to improve impact toughness. He produced a 0.1%C, 1.25% Mn steel which was poured into cylindrical resin-bonded sand molds. Both mischmetal and RE silicide additions were examined. The sulfur level in the steel matrix was reduced by 90%. The sulfur was found to be tied up in the complex oxy-sulfides. Moore noticed a reduction in grain size, but attributed the improvement in properties to a reduction in sulfur content in the steel matrix. It is recently reported that the transverse impact value of 2Cr13 stainless steel has been improved obviously by REM [31]. The transverse impact value of RE-2Cr13 is increased by 54.55% at the temperature of −40 °C, comparing with 0% RE-2Cr13. In addition, Hamidzadehn et al., reported that the toughness of AISI D2 tool steel increased about 75% without reducing the hardness of the alloy after Ce/La modification [32].

Figure 8. The impact toughness of H13 steel.
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The impact toughness of H13 steel mainly depends on size of grain and inclusions. The effective ways of improving steel properties are by refining its microstructure and making inclusions fine and dispersive, which can ease the stress concentration and increase the toughness. The major reason for improvement in toughness is refining the grain size and uniform and fine distribution of inclusions after adding REM.

Figure 9 presents the typical fracture morphology of H13 steel with various concentration of REM. Under the RE-free conditions, the fracture surfaces are mainly covered by cleavage plane, as shown in Figure 9a. It is shown the fracture of the alloy occurs generally in brittle pattern. When the addition amount of REM rises to 0.015%, it is clearly observed from Figure 9b that the fracture surfaces are composed of many dimples. Figure 9c and d show the typical fracture morphology of H13 steel with the addition of 0.025% REM and 0.1% REM. It is obvious that some cleavage planes and few dimples are formed on the fracture surfaces. The results of fracture surfaces indicate that a brittle failure type for H13 steel without REM concentration, and a ductile failure type for H13 steel with 0.015% REM.

Figure 9. The typical fracture morphology of H13 steel (a) 1# ingot with 0% REM; (b) 2# ingot with 0.015% REM; (c) 3# ingot with 0.025% REM; (d) 4# ingot with 0.1% REM.
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4. Conclusions

The effect of different amounts of REM on the microstructure and mechanical properties of H13 steel was studied. The following conclusions were drawn:

(1) REM can significantly refine the grain size so that its size decreases from 50 μm to 25 μm in the casted state. Effect of REM on grain refinement is not obvious after heat treatment, which occurred mainly in the casted state.

(2) REM can obviously modify the inclusions in H13 steel, which adding an appropriate amount of REM can significantly refine the size of inclusions that the percentage of small size of inclusions (<2 μm) increases with the addition of 0.015% REM, is 90%. However, the percentage of small size of inclusions (<2 μm) decreases with the increasing addition of REM.

(3) Due to the refinement of grain and modification of inclusions, the impact toughness is significantly enhanced with the addition of 0.015% REM, which gradually decreases with the increasing addition of REM because of the formation of large inclusions.
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