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Abstract: Low alloy quench and tempered (Q&T) steels plates up to 100mm thick are used in applications such as cranes and earth movers due to their combination of high strength and toughness. In order to ensure that appropriate tempering conditions are used to give optimum properties through thickness in Q&T steels it is desirable to be able to predict the effect of composition and tempering conditions (time and temperatures) on the microstructure and hence the hardness evolution. In this paper, the types and coarsening rates of carbides formed in a low alloyed Q&T steel have been investigated on tempering at 600 °C. It has been found that in the as-quenched condition auto-tempered martensite is present with needle-shaped epsilon and cementite particles, whilst after different tempering times (1-16 hours) cementite becomes the stable phase with an elliptical shape, which coarsens with time. Besides, the coarsening of inter-lath cementite with a faster rate is independent from that of intra-lath ones.
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1  Introduction

Quenched and tempered (Q&T) steels used for cranes and earth movers typically have a relatively low carbon content and contain alloying elements such as Mo, Mn and Cr. Lath martensite forms on quenching and, due to the low carbon and alloying content, the martensite start temperature (Ms) is relatively high therefore auto-tempering can occur resulting in carbides being present in the as-quenched martensite. ɛ-carbides have been identified within martensite lath for steels with relatively low Ms temperature and fast cooling rate, such as in ice brine quenching of AISI 4340 steel[1]; whilst cementite has also been observed in polymer-water mixture quenched low-carbon steels such as in Fe-0.153C-1.54Mn-0.78Si-0.21Mo-0.016Nb steel with a high Ms temperature of 427°C[2]. Carbide evolution for Q&T steels during tempering can be identified as having the following stages: Firstly, ε-carbides form as the transition phase below 250 °C. Secondly, with tempering times and temperatures increasing, cementite is likely to precipitate and fully develop with ε-carbides gradually disappearing at 300 °C[3]. In the temperature range 400-700 °C, the cementite particles undergo a coarsening process[4] with the rate of coarsening being strongly influenced by the addition of different alloying elements. For example, manganese, which is a weak carbide-forming element, can gradually enrich cementite at higher temperatures and retard the coarsening rate of cementite[5, 6]. Finally, with strong carbide-forming alloying elements (e.g. Mo, Cr, V) in the steels, stable alloy carbides with substantially higher enthalpies of formation are promoted, which retain a smaller size than the iron carbides even during prolonged tempering. These can retard softening and give secondary hardening. In this paper, the types and coarsening rates of carbides formed in a low alloyed Q&T steel have been investigated in order to establish mathematical model to predict the carbide coarsening behaviour.
2  Experimental Procedures
A laboratory produced Q&T steel plate was supplied by Tata Steel (UK) that was hot rolled to ~35 mm thickness and air cooled, with a chemical composition as given in Table 1. Samples measuring 15×20×20 mm (15mm through thickness) were re-austenitised at 925 °C for an hour and then quenched into room temperature water, to produce a lath martensitic microstructure. Quenched samples were tempered for 1 hr, 2 hrs, 4 hrs, 8 hrs and 16 hrs at 600 °C to investigate the carbides development. The microstructures were examined by scanning electron microscopy(SEM) in a Jeol 7000 and transmission electron microscopy (TEM) using a Jeol 2100. The SEM samples were polished and etched in 2% nital, and the thin foils used for TEM observation were cut from the mid-thickness position in the quenched and tempered samples, then ground with silicon carbide papers (grit no. 400-800-1200) to approximately 70-80 μm thickness, followed by twin jet electro-polishing with a 5 vol.% perchloric acid and 95 vol.% acetic acid solution at room temperature at 50-60 volts potential giving a 0.16-0.18A polishing current. Axiovision 4.6.3 image analysis software was used to obtain the particle size (length and width), distributions, number densities and volume fractions of carbides from SEM images (approximately 1000 particles measured). The lattice parameters for the as-quenched and selected tempered samples were measured by X-ray diffraction (XRD) using a cobalt target (wavelength λ=1.78901Å) to estimate the amount of carbon retained in solid solution after tempering.


Table 1  The chemical composition for the steel examined [wt%].

	Name
	C
	Si
	Mn
	P
	S
	Cr
	Mo
	Al
	N
	Nb
	Ti
	V
	B

	Base
	0.17
	0.29
	1.2
	0.015
	0.002
	−
	−
	0.03
	0.004
	0.03
	0.024
	−
	0.0025



3  Results and Discussion

As shown in Figure 1 (a/A), needle-shaped carbides are present in the martensite laths after quenching due to the occurrence of auto-tempering as the steel has a high Ms temperature (426 °C, calculated using Steven and Haynes equation[7]). Determination of the zone axis and indices of the in-plane normal to the long axis of the needle-shaped precipitates in the as-quenched condition has been used to construct the great circles of potential habit planes. These great circles form two groups; the first have a common intersection around {012}α pole, which would be consistent with ɛ-carbides[8], whilst the second group intersect around the {011}α pole - a common habit plane for cementite[9], Figure 2. Although the cooling process is only a few seconds (approximately 60 °C/s cooling rate), the carbon diffusion distance in this time can be estimated using a step function to be up to 90 nm for cooling from the epsilon carbide formation temperature with DVC=2.07× 10–6exp(–85048.3/RT) m2/s[10]. This would allow carbon to diffuse to pre-existing carbides during the quench for a carbide spacing of 100±50 nm (as measured in these samples). Hence, it is feasible for cementite to form on the pre-existing ɛ-carbides. As the martensite matrix has auto-tempered, the matrix would be expected to be ferrite. The lattice parameter-alloying compositions equation, derived by Bhadeshia[11], has been used to determine the amount of carbon retained in the solid solution after water quenching
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where aBCC is the measured lattice parameter (0.28702 nm, derived from XRD measurements, in the as-quenched condition, and 0.28679 nm after tempering for 2 hrs); aFe is the lattice parameter of pure ferrite 
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（a）                （b）               （c）             （d）
Figure 1  The morphology of carbides (SEM, lower case letter, and TEM, upper case letter, images) after different 
tempering times at 600 °C: (a/b) as-quenched (TEM image from <001>α zone axis); (c) 1 hr; (d) 16 hrs.
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Figure 2  Stereograms showing the traces from measured interface planes which have common {012}α and {011}α pole intersections (arrowed) in the as-quenched material [8,9].
(0.28664 nm[12]); xiα represents the mole fraction of species i in the matrix. The amount of carbon trapped in the solid solution after quenching is 0.107 wt%, which is much higher than that (0.04 wt% carbon content) after tempering for 2 hrs; equilibrium substitutional alloying contents from Thermo-Calc calculation have been used in Eq. 1. Therefore, it is expected that carbon will continue to precipitate from solid solution during the early stages of tempering probably on the pre-existing carbides causing growth.
Elliptical carbides are observed in the laths and along the lath boundaries with very few of the fine needle-shaped carbides remaining until tempering for 1 hr, as shown in Figure 1 (B). The elliptical carbides are consistent with cementite from selected area diffraction (SAD) patterns, shown in Figure 3. Cementite has been reported to gradually spheroidise, changing shape from needle-shape to rod-shape and finally spherical shape with larger sizes, when tempering at 600-700 °C[13]. During tempering from 2 hrs to 16 hrs, all the carbides tend to become elliptical in shape, as shown in Figure 1 (c), and gradually coarsen with time. The measured volume fractions for the elliptical cementite particles tempered from 2 hrs onwards is listed in Table 2, where it can be seen to remain approximately constant with time and is consistent with predicted equilibrium volume fraction for cementite (from Thermo-Calc) of 2.5%, allowing for experimental overestimation due to the etching effect. As there are 
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Figure 3  Characterisation of elliptical carbides after tempering for 1 hr at 600 °C are: (a) Bright field image of a typical elliptical carbide; (b) SAD pattern for the particle consistent with the [01-1] zone axis of cementite as shown in (c).
Table 2  The volume fraction of cementite after tempering from 2hrs to 16hrs.

	
	2hrs
	4hrs
	8hrs
	16hrs

	Volume fraction/%
	2.9±0.3
	3.0±0.5
	3.0±0.5
	2.8±0.4


no extra significant alloying elements in this steel that are expected to affect the nature of the carbides, once the equilibrium cementite volume fraction is established, Ostwald ripening occurs, where large particles grow at the expense of the smaller ones[14].
As shown in Figure 4 and Figure 5, the coarsening process for inter- and intra-lath cementite occurs independently, as the volume fractions for each remain constant with time although the number densities have varied due to different rates of coarsening. The number density for inter-lath cementite has decreased faster than that for intra-lath cementite, whereas the sizes for inter-lath cementite are comparatively larger due to the faster solute atom boundary diffusion, which is consistent with the reported results in a Fe-0.1C-1.99Mn- 1.60Mo steel where the cementite particles located on the lath boundary have coarsened more quickly compared to the particles in the lath after tempering for 10hrs at 600 °C[15]. A sharp decrease in cementite number density and increase in size occurs during tempering from 2 hrs to 4 hrs because of the existence of cementite particles with larger size differences and smaller separations after tempering for 2hrs, which accelerates the dissolution of the finer carbides and the coarsening of larger ones. The number density and size changes become less with relatively longer time tempering from 4 hrs to 16 hrs, indicating that the rate of coarsening slows as the cementite particles have smaller size differences reducing the driving force for coarsening.
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Figure 4  Number density (a) and volume fraction (b) for intra- and inter-lath carbides respectively after 
tempering from 2 hrs to 16 hrs at 600 °C (SEM measurements).
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Figure 5  Average sizes of carbides after tempering from 2 hrs to 16 hrs at 600 °C: (a) average length; (b) average width.
5  Conclusions

ɛ-carbides and cementite were both present in the as-quenched condition due to the occurrence of auto-tempering with carbon diffusion in and precipitation from the matrix, although, a significant amount of carbon was retained in solid solution. Elliptical inter-/intra-lath cementite particles were formed during tempering at 600 °C from the precipitation of retained carbon and the coarsening/ dissolution of the needle-like as-quenched carbides. These cementite particles coarsened with time when tempering from 2 hrs onwards, and the coarsening process for inter- and intra-lath cementite took place separately, i.e. diffusion between particles was either along the boundary or through the bulk between particles, not through the bulk to a boundary.
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