Deep cryogenic treatment of HPDC AZ91 magnesium alloys prior to aging and its influence on alloy microstructure and mechanical properties
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Abstract

Studies of deep cryogenic treatment have mainly focused on ferrous alloys, despite the advantages of this form of treatment when applied to other non-ferrous alloys. This study examines the
microstructural behavior of a high pressure die-casting (HPDC) AZ91 magnesium alloy, submitted to T6 and T6 with deep cryogenic treatment (DCT) prior to aging. Differences between continuous and
discontinuous B-Mg,,Al;, phase precipitation are analyzed by means of TEM, SEM and optical microscopy to explain the mechanical behavior following each type of heat treatment. The mechanical properties
were improved by both treatments though yield strength was higher following T6 treatment and elongation was greater following T6 with deep cryogenic treatment. The conclusion is that continuous
precipitation is promoted by cryogenic treatment, resulting in an improvement of elongation by 20%. This factor is important in view of the limitations of poor plasticity and its consequences for HPDC

magnesium alloy applications.
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1 Introduction

Magnesium alloys are generating greater interest as a manufacturing material in the automobile industry, due to their low density, high specific strength and weight reduction, as well as consequent savings on
fuel consumption. Nevertheless, the use of magnesium alloys has been limited by the fact that due to their h.c.p. crystallization system, they must be formed plastically at temperatures exceeding 200 °C to activate
the necessary number of slip systems, as stated by Wetengen (1993). Some studies have been conducted to improve weaknesses in the deformation behavior of these alloys through grain refining like Mukai et al.
(2001) research, and Luo and Pekguleryuz (1994) made a review of the influence of alloying elements on cast magnesium alloys mechanical properties. AZ91D is one of the best commercial magnesium alloys, on

account of its good combination of castability, mechanical strength, and ductility.

High Pressure Die Casting (HPDC) is the preferred manufacturing process for the magnesium alloy components used in automobiles, as well as in many other applications. The combination of HPDC and
AZ91D, despite the above-mentioned properties, also presents a microstructure with a large quantity of pores. Wang et al. (2011) tried to quantify the gas content this type of castings and Li et al. (2015) studied the

influence of this porosity during tensile deformation. Micropores form during the solidification of these alloys primarily due to dissolved gases and shrinkage.

All of the above is aggravated by the fact that high quantities of Al mean weaker ductility as fragile intermetallic (predominantly phase B or Mg,,Al;,) phases are formed in the grain boundaries. In general, a
much more uniform microstructure could be achieved through solution treatments followed by controlled precipitation treatment. Nevertheless, while some authors like Ji et al. (2006) have pointed out that HPDC of
magnesium alloys are not right for solution treatments, because of blister formation resulting from sub-surface pores, others like Cavaliere and De Marco (2007), have contended that it brings improvements in such

properties as strength, elongation and fatigue after this type of treatment.

Furthermore, the application of low-temperature or Deep Cryogenic Treatment (DCT) has begun over recent decades, to improve the mechanical properties of the metals. Although this type of treatment has



mainly been applied to ferrous alloys like Jordine (1996) and Preciado et al. (2006), that studied the effect on carburized steels, its application to other types of alloys has also shown good results: Chen et al. (2001)
and Lulay et al. (2002) studied the effects of cryogenic treatments on aluminum alloys and Yuan et al. (2015) on pure zirconium. There is increasing information on the effects of these treatments on the mechanical
properties of magnesium alloys. For AZ91, Asl et al. (2009) observed an improvement in creep and wear behaviors and Jiang et al. (2010) obtained higher values of tensile strength and hardness after DCT in as-cast
samples, Amini et al. (2014) found better hardness and wear resistance after DCT between solution and aging treatments and Li et al. (2013) obtained increased tensile strength and elongation with a multi-step

treatment of solution and aging-DCT-aging.

DCT differs from Cold Treatments (CT) with regard to the temperatures to which the materials are subjected. Normally, the temperature for DCT is the boiling point of nitrogen at 77 K. This treatment may be
done both before and after aging, knowing that the growth of the precipitates will be influenced by cryogenic temperatures. In this study, cryogenic treatment was done prior aging during a solution-aging treatment
(T6).

2 Experimental procedure

The composition of the magnesium alloy AZ91D selected for this study was as follows (wt.%): Al, 8.83; Be, 0.001; Cu, 0.007; Fe, 0.003; Mn, 0.32; Si, 0.028 and Zn, 0.6. The samples were prepared for
metallographic observation by milling and polishing to 1 pm, following with acetic glycol etchant. The microstructure of the alloy after the HPDC process is shown in Fig. 1 and consists of grains of Mg covered with

precipitate at the grain edges, which corresponds to a divorced eutectic compound of Mg-Mg;,Al,,. Pores may also be appreciated that are situated on the grain boundaries.

Fig. 1 Microstructure of HPDC AZ91D. Grains of Mg with eutectic at the grain edges.

alt-text: Fig. 1

Specimens were fabricated for the tensile tests following the same process, so as to reproduce the porosities and the non-uniform microstructure of the real pieces. The shape was cylindrical, the gauge length

was 30 mm, the diameter 5.9 mm and the velocity 10 mm/min. The specimens were injected in a mold, with the feeding in an extreme and the skin was not removed.

Tomographic images were taken of the specimens in the tests to assess whether the test zone was sufficiently free from porosities to obtain reliable results. The result (Fig. 2) was satisfactory in the sense that

porosity in the test zone is less than 48 ym® and only the clamping heads had large-sized pores.
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Fig. 2 Tomography of the specimen for the tensile test.
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These specimens were subjected to a T6 solution-aging test and to a combined T6-DCT prior to aging. The different treatments are summarized in Table 1. The two-stage artificial aging was claimed to be an
optimal treatment for the type of manufactured pieces by the company that supplied the test samples. The deep cryogenic treatment was only applied to samples that had been solubilized for 4 and 8 h, as the 18-h

solution presented no appreciable improvement in mechanical properties. The cryogenic treatment consisted of a slow cool-down (=1 °C/min) from ambient temperature to liquid nitrogen temperature. When the



materials reached approximately —190 °C, were held at that temperature for 22 h. Finally, the samples were allowed to warm up to room temperature. The time between the end of the deep cryogenic treatment and

the aging was approximately of 4 h.

Table 1 Thermal treatments applied to the different samples.
alt-text: Table 1

Route A Solution (413 °C for 4 h) + Aging (205 °C for 4 h + 260 °C for 1 h)

Route B Solution (413 °C for 8 h) + Aging (205 °C for 4 h + 260 °C for 1 h)

Route C Solution (413 °C for 18 h) + Aging (205 °C for 4 h + 260 °C for 1 h)

Route D Solution (413 °C for 4 h) + Deep Cryogenic Treatment + Aging (205 °C for 4 h + 260 °C for 1 h)
Route E Solution (413 °C for 8 h) + Deep Cryogenic Treatment + Aging (205 °C for 4 h + 260 °C for 1 h)
Route F No treatment

A comparative study was performed of the different routes by means of ductility tests. Four samples were employed for each route except for route F with only two samples.

The samples were studied by TEM in a JEOL JEM 2100 microscope by carbon replica technique. The differences in precipitation were observed both in samples subjected to the T6 treatment and in samples

with the deep cryogenic treatment (T6 + DCT).
3 Results
A set of tensile tests were conducted for a comparative study of the different routes. Four samples were used for each route, except for route F that only had two samples.

Tensile testing results are summarized in Fig. 3 and Table 2. The values and curves correspond to the mean values. In the true stress-strain graph, strain hardening for different heat treatments may be

compared.
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Fig. 3 True stress-strain curves of the tensile tests.
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Table 2 Principal mechanical properties values (average values).
alt-text: Table 2

Yield strength (MPa)
Route A 173 (0 = 1.0)

285 (0 =8.9)

Tensile strength (MPa)

6.4 (0 =0.9)

A (%)



Route B

Route C

Route D

Route E

Route F

169 (0 =1.9)
164 (0 = 1.8)
157 (0 = 2.6)
156 (0 = 0.8)
162 (0 =1.4)

278 (0 = 6.3)
278 (0 = 4.5)
287 (0 = 6.6)
288 (0 =4.7)
175 (0 = 5.4)

6.1 (0 =0.5)
6.4 (0 =0.3)
7.6 (0 = 0.6)
8.1 (0 =0.8)
6.9 (o0 =0.5)

Tensile strength values were similar except for Route F, which corresponds to the as-cast material. Differences appear in elongation values where routes D and E permit further deformation in the material

prior to breakage. Plastic deformation occurs in all samples at very low loads, complicating any definition of the linear region. In the real stress-strain graph it can be compared the work hardening at low and high

strains.

To study the strain hardening, a frequently used power law constitutive equation is considered:
o =K¢e" )
Where n is the strain hardening exponent obtained by power regression of 0.27 for all the routes. The work hardening rate is defined by:

4o _ ppetn- = 10
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)

The work hardening rate was obtained for various strain values and a plot has been constructed (Fig. 4). There are no differences at high strains but when the strain is low, the strain hardening rates of the
DCT samples (Route D and E) are lower than that of the non-cryogenic treated samples.
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Fig. 4 Strain hardening rate versus true strain of the treated samples.
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The B precipitation phase of the supersaturated alloy after the solution treatment can take place continuously or discontinuously. Zhao et al. (2014) observed that discontinuous precipitation (DP) consists in
the alternating growth of phase B plates along the grain boundaries and continuous precipitation (CP) within the grains forms much thinner acicular shapes. There was also established by Duly et al., (1995) that both

types of precipitates coexist and compete for growth, although there are temperature ranges in which one type thrives more than another.

The microstructures of the samples following the two types of treatment T6 and T6 + DCT (Routes A and D), are shown in Fig. 5. In both cases, discontinuous precipitation was clearly observed.



A study of two solubilized and solubilized + DCT samples (Fig. 6) examined the differences provoked by cryogenic treatment in further detail. Grain size was measured by the intercept line method, resulting in

13.5 um (o = 2.4) in the center and 11.2 pm (o = 2.2) at the edge, for the T6 sample, and, 10.4 ym (o = 1.6) in the center and 9.8 pm (o = 1) at the edge, for the T6 + DCT sample.



Fig. 6 Samples (center zone) after a solution treatment: (a) T4 (b) T4 + DCT.
alt-text: Fig. 6

In the TEM study, two samples following routes A and D were compared. In the sample of Route A, numerous plate-shaped precipitates were found (Fig. 7a and b) which correspond to the discontinuous
precipitates and also few areas with fine acicular-shaped precipitations that will be later discussed. In the Route D sample it was difficult to find the plate-shaped precipitation. However, numerous zones with fine
acicular-shaped precipitates were observed (Fig. 7c and d). This last type of precipitates corresponds to the continuous precipitates. In Fig. 8, it can be observed the continuous precipitates at the same magnification
for T6 and T6 + DCT samples.

Fig. 7 TEM images of samples. (a) Precipitation on a T6 sample; (b)plate-shaped precipitates on a T6 sample, (c) precipitation on a T6 + DCT sample; (d) lath-like precipitates on a T6 + DCT sample.



alt-text: Fig. 7

Fig. 8 TEM images of continuous precipitates: (a) T6; (b) T6 + DCT.
L] ]
4 Discussion

It has been observed that there is more continuous precipitation with cryogenic treatment. This is in agreement with the higher amount of precipitation observed also in ferrous alloys with a cryogenic
treatment prior tempering. Li et al. (2013) studied DCT in as-cast samples and pointed out the fact that the difference in thermal expansion coefficient between B phase and magnesium matrix had an important
influence in the appearance of dislocations. In this research the DCT is given after solution but there is still a difference in the concentration of aluminum from the edge to the center of each grain. Liu et al. (2012)
observed a volume contraction and the decrease of lattice constant in the solid solution that provoked the precipitation of B phase. It could be concluded then, that cryogenic treatments cause some internal stresses
due to shrinkage at low temperatures that causes defects such as dislocations and vacancies. Braszczynska-Malik (2009) reported that the amount of continuous precipitation is dependent on the number of crystalline

defects within the matrix, as they act as nucleation sites. At grain boundaries, the effect of precipitation is to form new edges and it therefore makes no contribution to the formation of more continuous precipitates.

Grain size decreased when cryogenic treatment was applied following solution. Although this point is relevant when analyzing the yield strength, as a reduction in grain size would increase the yield strength,

it has no influence on the growth of discontinuous precipitates; Duly and Brechet (1994) reported that the DP rate of nucleation is not dependent on grain size at a solute content of between 5.4-10%.

The final fracture occurs when the numerous intergranular pores present in the alloys join and progress by the grain boundaries. The smaller the grain, the longer the path and then more energy is absorbed in

the progression of the final breakdown. This allows higher elongation values and thus, higher tensile strengths when cryogenic treatment is applied.

The fact that T6 + DCT treatment decreases the yield strength might appear contradictory. Considering the factors that affect the yield strength for the AZ91 established by Caceres et al. (2002), virtually all of
them when applied to samples with cryogenic treatment would increase that value. These factors are precipitation-hardening, grain size and solid-solution hardening being this last one of less importance in AZ91
alloys. The contribution of work hardening is both positive and negative: positive, because the presence of atoms in solution can be expected to increase dislocation multiplication; and, negative because the formation

of precipitation Mg,,Al,, provokes cross-slip and as a result dislocation tangles.

The principal mechanism is the first one, precipitation-hardening. According to Celotto and Bastow, (2001) and Celotto (2000), the hardening response of AZ91 at a given temperature is due to precipitation

growth, especially because of the elongation of lath-shaped precipitates, rather than the nucleation of new precipitates. It is supposed that given an aging at a temperature, once most of the precipitates are nucleated,



the hardness begins to increase with the length and thickness of the precipitates. The TEM images and the theory suggest that there are a higher amount of precipitates with a cryogenic treatment. However, the yield

strength decreases, so this could be due to the morphology of the precipitates.

If we observe the continuous precipitation that forms in a cryogenically treated sample (Fig. 8) and compare it with precipitation that forms on a sample with conventional treatment, it may be observed that

although these are fewer in number in the second case, their shape is more elongated and a greater hardening effect may therefore be expected.

As seen in Fig. 4, at low strains there is difference between cryogenically treated and non-cryogenically treated samples, having the last ones a higher work hardening rate. A plausible reason could be that due
to the cryogenic treatment, a higher amount of continuous precipitates form and this weakens the solution strengthening effect of Al in the Mg matrix. In addition, these precipitates have not the adequate length to be

an effective barrier to the movement of the dislocations.

Then, it seems that the aging in the case of a cryogenic treatment prior aging should have been longer. Further work is taking place in this line because if the proportion of continuous precipitates could be

increased and the size of them could be adequate, the age-hardening response would be improved substantially.

5 Conclusions

The introduction of a cryogenic treatment prior to aging in a T6 thermal treatment for AZ91D alloys has shown a beneficial effect, improvements in elongation while maintaining the same tensile strength.
However, the yield strength has decreased, despite an increase in the amount of continuous precipitates, the longitudinal dimensions of which were not sufficient to maintain the yield strength. A slight decrease in

grain size has also been observed.

The tensile strength depends on the elongation for HPDC AZ91 alloys. The porosity of the material is the reason of the final breakdown. The cracks propagate by the grain boundaries from the different pores.
A decrease in the grain size improves the elongation increasing the path developing cracks. The cryogenic treatment decreases slightly the grain size and this is the main reason of the similar tensile strengths for T6

and T6 + DCT treatments.

These results are encouraging from a theoretical point of view and will lead to future studies on the way in which the dimensions of the precipitates may be affected and the relationships with variations in the

variables of the cryogenic treatment and the aging treatments. The objective would be longer acicular precipitates that might increase the yield strength together with elongation.
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