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Abstract

:

Strength is one important mechanical property of lithium hydride (LiH) for application as a neutron moderator and absorbent at elevated temperatures. Using the digital image correlation (DIC) method for deformation measurement, the short—term strength of LiH was investigated with both tensile and three—point bend (3PB) specimens in the range of room temperature (RT) to 600 °C. The results show that the temperature dependence of the strength from tensile and 3PB tests shows similarity. As the temperature increases, the strength changes slightly, then rises to the maximum and finally decreases due to the softening effect. The fracture surfaces of specimens show the main characteristics of trans—granular fracture at different temperatures, except for 600 °C. With increasing temperature, the fracture surfaces become rough and numerous tortuous micro—cracks are found. Especially for 3PB specimens, there are dimple—like structures with distorted grains and obvious intergranular cleavage fracture.
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1. Introduction


Lithium hydride (LiH) is one of the most important nuclear materials and has gained much attention because of its low density, high thermal neutron absorption and scattering cross—section, high hydrogen capacity and no obvious secondary irradiation after neutron absorption. Based on its advantages, LiH can be used as a neutron moderator/absorbent and is considered to be the best neutron shielding material for space nuclear reactors [1,2,3,4,5,6]. However, due to the low strength, high brittleness and thermal expansion of LiH, it is susceptible to thermal—mechanical loading during production and service conditions, causing defects and cracks [1,2,7]. The formation and growth of the defects and cracks can dramatically reduce the strength, which leads to a significant decrease in reliability or even failure to brittle fracture under low stress. Therefore, it is important to study the strength performance of LiH at elevated temperatures.



There have been a few research studies on the strength determination of LiH at room temperature (RT). A uniaxial pull test was designed to establish the capability of acquiring highly credible tensile strength [8]. The influence of specimen type and size on tensile strength was studied [9]. Moreover, mechanical testing under uniaxial compression, radial compression and bending were presented [10]. Nevertheless, it is hard to determine the strength values at elevated temperatures because LiH is reactive and can ignite when exposed to moist air, thus, it needs to be tested in a vacuum or inert atmosphere [7,11]. The tensile strength of LiH was measured at RT up to 600 °C in argon with a low displacement rate of 0.2 mm/min [1,2], resulting in an excessively long test time at temperatures above 200 °C. The time—dependent creep phenomenon was possibly activated in the long time tests with increasing temperature, which contributed to the plastic deformation of specimens and prevented unstable fracture. After all, there are few data on the strength of LiH and no convincible result of short—term strength at elevated temperatures.



For ceramic materials, bending tests are preferred for strength testing as tensile tests are challenging and costly because of special modifications and adaptations for specimen geometries and gripping devices [12]. However, bending tests may have some errors and limitations for the results based on the symmetric linear elastic assumption [13]. Hence, it is essential to determine the strength of LiH using both tensile and bending tests.



In this paper, the short—term strength of LiH using tensile and three—point bending (3PB) tests was investigated in the temperature range of RT—600 °C. The digital image correlation (DIC) method, an optical and displacement measurement technique with high spatial resolution, sensitivity and precision, was applied to measure the deformation of specimens. Fractographs were also examined to identify fracture characteristics and the temperature effect on strength of LiH was investigated.




2. Materials and Methods


Tensile and three—point bend (3PB) tests were carried out on LiH specimens, produced by powder processing and sintering [7]. Due to the preparation difficulty, the size of the specimen is difficult to fully meet the requirements of the testing standards for ceramic materials [14,15]. Figure 1a shows the configuration of the tensile specimen. To reduce the localized stress concentration and make fracture occur at the gage length, the gripped regions of the tensile specimens were wrapped with anhydrous AB adhesive with the main component of epoxy resin and solidified for 24 h at room temperature (RT), as illustrated in Figure 1c. The fracture surfaces of tensile specimens after tests are clean, thus the obtained results do characterize the strength of LiH without the adhesive effects. The dimension of the 3PB specimen is shown in Figure 1b. The length is 40 mm and the span is 36 mm, which is 4 times the width of the specimen. All surfaces of the tensile and 3PB specimens were finely sanded prior to tests to remove the possible layer of lithium hydroxide.



The strains of the tensile specimens and the deflections of the 3PB specimens were obtained via the 3D—DIC method [16,17]. Figure 2a shows the experimental setup of the 3D—DIC system, consisting of two LED lights and two cameras. Images with a resolution of 2736 × 2192 pixels (0.01 mm/pixel) were taken at a frame rate of 4 Hz. As illustrated in Figure 2b, the tensile strains were measured by selecting two parallel lines at both ends over the gage length. For 3PB specimens, the mid—span deflections were obtained at the mid—height of the displacement field.



The test temperature, loading rate, stress rate and test time for tensile and 3PB specimens are listed in Table 1. The specimens were attached and loaded in a vacuum furnace in an MTS machine which can reach a force measurement accuracy within ±0.1% of the working range. After vacuuming, all specimens were heated to the target temperature and kept for 30 min at the beginning of each test. Since LiH might be susceptible to slow crack growth and creep at elevated temperatures in long time tests [11,16], the tensile strength of LiH could be influenced in very long test times up to 4500 s from RT to 600 °C with a loading rate of 0.2 mm/min [1,2]. Low loading rates would consume more test time. To avoid possible time—dependent effects, a high loading rate is necessary. When the possible time—dependent effects are excluded, the strengths vary little with the loading rate in the range of quasi—static loading. Therefore, the loading rate of tensile and 3PB tests was set to 0.5 mm/min under crosshead—displacement control at RT and 200 °C, and the loading rate was set up to 2 mm/min at temperatures above 300 °C. Typical images of tensile and 3PB specimens after fracture are demonstrated in Figure 1c,d. The morphology of the fracture surfaces was observed in a Zeiss scanning electron microscope.



Equation (1) [18] was used to calculate the tensile strength. As for 3PB tests, the commonly used elastic formula could be no longer applicable for strength calculation at elevated temperatures due to significant plastic behaviors of the specimens, so the strength was measured with Equation (2) [19]. The elastic modulus was obtained by Equation (3) [18].
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where σ is the strength, w is the deflection, F is the peak load, E is the elastic modulus, ΔF is the load increment in the linear elastic region, Δw is the corresponding deflection increment under the load ΔF, l is the span, b is the thickness of the specimen, h is the width of specimen.




3. Result and Discussion


3.1. Load—Deformation Behaviors


Figure 3a demonstrates the stress–strain curves obtained from the tensile tests of LiH. Since the displacements at the gage length of the tensile specimen are extremely small, the strains measured by DIC show dispersion, so the curves are generated by linear fitting. At all tested temperatures, the stress–strain curves present linearity and brittle fracture at the maximum force. No elongation of the specimens can be detected. Failure always occurs close to the ends of the gage section at RT, 200 and 300 °C. When the temperature rises to 400 and 500 °C, better linear fitting of the curves is found and the fracture location is close to the middle of the gage length, indicating better plastic performance.



Figure 3b,c show the load versus deflection relations of 3PB specimens for LiH. The curves are generally linear at RT and 200 °C in Figure 3b, showing typical brittle fractures. When the test temperature reaches and exceeds 300 °C, there exhibits a considerable deviation from linearity to nonlinearity in the curves and LiH shows obvious inelastic deformation and plastic behavior. At 300 °C, the specimen with a loading rate of 1 mm/min displays greater plasticity than that with a loading rate of 2 mm/min and cannot be loaded to unstable fracture. With the temperature increasing beyond 300 °C, unstable fracture of the 3PB specimens fails to occur. The significant plastic deformation of the specimens would likely induce stress relaxation and blunt the crack, which suppresses local crack propagation and prevent the occurrence of crack instability at the peak load. After the peak load, the applied load decreases with increasing deflection and the decrease becomes distinct with rising temperature. This phenomenon is probably attributed to the softening effect at elevated temperatures, resulting in reduced load—bearing capacity [19].



The elastic modulus obtained from tensile and 3PB tests of LiH is plotted in Figure 3d. Although the specimens cannot fully meet the dimension and shape specifications of testing standards for ceramic materials [14,15], the acquired values of elastic modulus are still valid for comparing at different temperatures. With increasing temperature, the slopes of the curves at the elastic loading stage decrease, corresponding to a monotonic decrease of elastic modulus both for the tensile and 3PB specimens. Moreover, the slope of the change trend of elastic modulus with temperature obtained from the tensile tests is basically identical to that measured in [1,2]. The rise in temperature would intensify the thermal vibration and weaken the bonding force of atoms, leading to a reduction in the elastic modulus [20]. It can be found that the elastic modulus values are lower than those in [1,2], mainly owing to the different preparation methods of the material and the size of the specimens. Furthermore, the elastic modulus values from tensile tests are higher than that from 3PB tests. The reason may be that Equation (3) used to derive the elastic modulus from 3PB tests does not take into account the influence of shear loading on the global deflection [13].




3.2. Strength—Temperature Relations


Figure 4 presents the strength of LiH from tensile and 3PB tests at all temperatures. Compared with the change trend of tensile strength with temperature in the References [1,2], the strengths from tensile tests vary little from RT to 300 °C, then increase at 400 °C, and finally decrease at 500 °C. Since the loading rate is higher at higher temperatures, the plastic behaviors in the stress–strain curves are probably limited. The strength is mainly dependent on the inherent resistance to fracture and the defects in the material [14,15], thus, a slight change in strength was found from RT to 300 °C. The change of fracture location to the middle of the gage length at 400 °C indicates better plasticity, corresponding to the rise in strength. At 500 °C, the decrease in strength is possibly due to the softening effect at elevated temperatures.



The variation trend of strength with temperature obtained by 3PB tests looks different from that of tensile strength, which is mainly attributed to the different loading conditions. However, actually, the temperature dependence of tensile and bending strength show similarities. As the temperature increases, the strengths change slightly, then rise to the maximum and finally decrease continuously. The onset of significant plasticity at 300 °C corresponding to the maximum strength is attributed to the activated dislocation motion with increasing temperature to induce large plastic deformation, thereby releasing residual stress and blunting the crack tip. With a further rise in temperature over 300 °C, dislocation is more likely to move, and unstable fracture of the specimens no longer occurs. The deformation and damage of the specimen become inhomogeneous and localized, resulting in the softening effect. As a result, it shows a decline in load—bearing capacity and the strengths drop. A similar phenomenon was observed in high—temperature behaviors of synroc—C [19].



In comparison to tensile specimens, the 3PB specimens are more prone to deform rather than fracture. Shear stress is the driving force of dislocation motion while tensile stress contributes to the occurrence of fracture [12]. Moreover, only a small part of the 3PB specimen is subjected to the maximum tensile stress with a lower probability of containing the most dangerous defects, leading to higher strengths than those by tensile tests. Furthermore, the peak strength is at 400 °C for tensile specimens and at 300 °C for 3PB specimens. The reason for the different temperatures corresponding to the maximum strength of the tensile and 3PB tests lies in the different loading stress conditions.




3.3. Fractography


To investigate the temperature effect on the short—term strength of LiH through fracture characteristics, the fracture surfaces of both tensile and 3PB specimens were analyzed using SEM. As shown in Figure 5, the fracture surfaces of the tensile specimens mainly exhibit typical trans—granular cleavage characteristics. At RT, the fracture morphology appears to be flat with sharp steps in Figure 5a. On account of the high brittleness of LiH at RT, there is no sufficient deformation, and the cleavage fracture takes place. With increasing temperature, the fracture surfaces and steps become rough, indicating a winding crack extension path. When the temperature reaches 400 and 500 °C, fewer and rougher steps are observed in Figure 5d,e, indicating growing plasticity. Possible dislocation motion is restricted at high tensile loading rates at elevated temperatures, resulting in the cracks giving priority to propagating along a certain cleavage plane.



From RT to 200 °C, the fracture surfaces of 3PB specimens are predominantly trans-granular cleavage fractures and similar to those of tensile specimens, as demonstrated in Figure 6a,b. When the temperature goes up to 300 °C, the rugged cleavage fracture surfaces and steps with a small amount of tearing features are found in Figure 6c, corresponding to improved plasticity and a significant increase in strength. Since the amount of movable slip systems increases with temperature, harmonious deformation can occur, reducing the probability of crack origination and enhancing the resistance to crack growth. A similar result was reported for Ti60 alloy in [21]. It is observed that the fracture surfaces with high roughness present both the dimple—like structures and cleavage features at 500 °C in Figure 6d, and the grains become distorted in Figure 6d, indicating the softening effect and the reduction in strength. For the specimen tested at 600 °C, there are obvious characteristics of inter-granular cleavage on the fracture surfaces in Figure 6e. It is found that the grains grow larger and obvious inter-granular cracks are formed. Damage could be coalesced at the grain boundary through diffusion and migration, followed by nucleation and growth of cracks between grains, leading to the low binding force at grain—boundary and inter—granular fracture. This phenomenon is consistent with the load—deflection curves in Figure 3c, which is manifested by a decrease in deflection value corresponding to the failure of the specimen, and a decrease in strength at 600 °C. Moreover, it is frequently associated with the high—temperature fracture manner of polycrystalline materials [22]. It can be found that both tensile and bending strength change trends with temperature are consistent with the fracture characteristics.



The high magnification SEM micrographs of the fracture surfaces of tensile and 3PB specimens exhibited similarities in deformation mechanism, which is possible evidence that the similar temperature dependence of tensile and bending strength. As illustrated in Figure 7a,c, pores and typical delamination structure can be identified at RT, while numerous micro—cracks are found and present apparent tortuosity at elevated temperatures in Figure 7b,d. Similar to the micro—cracking mechanism in polycrystalline ceramics [23], the micro—cracks may be induced by dislocation pileup and become tortuous possibly due to interaction between dislocations.





4. Conclusions


The short—term strength determination of LiH was carried out on tensile and 3PB specimens in the range of RT—600 °C. The stress–strain curves for tensile tests and the load—deflection curves for 3PB tests are analyzed, and the variation trend of strength with temperature is presented. With SEM examination of the post—fracture surfaces, the temperature effect on the short—term strength of LiH is investigated.



	(1)

	
The temperature dependence of the strength from tensile and 3PB tests shows similarity. The strength changes little at temperatures below 400 °C for tensile specimens and below 300 °C for 3PB specimens. After exceeding the temperature corresponding to the maximum strength, the strength decreases due to the softening effect.




	(2)

	
The different temperatures corresponding to the maximum strengths from tensile and 3PB tests are due to the different loading conditions since shear stress is the driving force for dislocation motion. Moreover, higher values of strength are measured by 3PB tests than those by tensile tests.




	(3)

	
The fracture surfaces of specimens show the main characteristics of trans—granular fracture at different temperatures, except for 600 °C. Pores and typical delamination structures are identified at RT, while numerous micro—cracks with tortuosity are found at elevated temperatures. For 3PB specimens, the dimple—like structures with distorted grains at 500 °C and obvious inter—granular cleavage fracture at 600 °C are identified on the fracture surfaces.
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Figure 1. Dimension of the (a) tensile specimen; (b) 3PB specimen (unit: mm); (c) Image of tensile specimen with adhesive and that after fracture at 400 °C; (d) Image of 3PB specimen after fracture at RT. 
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Figure 2. (a) Experimental setup of the 3D—DIC system; Strain field in form of contour plot. (b) tensile specimen and 3PB specimen. 
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Figure 3. (a) Stress–strain curves of tensile specimens at RT, 200, 300, 400 and 500 °C; (b) The load versus deflection curves of 3PB specimens at RT and 200 °C; (c) The load versus deflection curves of 3PB specimens at 300, 400, 500 and 600 °C; (d) Elastic modulus obtained by tensile and 3PB tests at different temperatures. 
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Figure 4. Temperature effect on strength of LiH obtained from tensile and 3PB tests. 
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Figure 5. Fracture surfaces of tensile specimens for LiH at: (a) RT; (b) 200 °C; (c) 300 °C; (d) 400 °C; (e) 500 °C. 
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Figure 6. Fracture surfaces of 3PB specimens for LiH at: (a) RT; (b) 200 °C; (c) 300 °C; (d) 500 °C; (e) 600 °C. 
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Figure 7. High magnification SEM micrographs of fracture surfaces for tensile specimens at: (a) RT; (b) 500 °C and that for 3PB specimens at (c) RT; (d) 500 °C. 
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Table 1. Test temperature, loading rate, strength, elastic modulus and stress rate of the tensile specimens and 3PB specimens.
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Test Type

	
Temperature

(°C)

	
Loading Rate

(mm/min)

	
Strength

(MPa)

	
Elastic Modulus

(GPa)

	
Stress Rate

(MPa/s)

	
Test Time

(s)






	
Tensile

	
RT

	
0.5

	
12.6

	
22.0

	
0.2

	
40.5




	
0.5

	
10.7

	
21.7

	
0.09

	
104.1




	
200

	
0.5

	
12.6

	
15.6

	
0.06

	
183.0




	
0.5

	
11.3

	
15.5

	
0.1

	
79.1




	
300

	
0.5

	
11.9

	
14.1

	
0.1

	
97.2




	
400

	
2

	
16.2

	
10.9

	
0.4

	
37.5




	
500

	
2

	
13.1

	
8.1

	
0.8

	
17.4




	
3PB

	
RT

	
0.5

	
24.9

	
11.9

	
2.2

	
11.5




	
0.5

	
38.3

	
8.3

	
1.6

	
23.2




	
200

	
0.5

	
35.3

	
5.9

	
1.2

	
30.6




	
0.5

	
24.3

	
6.8

	
1.2

	
20.6




	
300

	
1

	
50.7

	
7.7

	
3.4

	
600.1




	
2

	
37.5

	
10.1

	
7.0

	
19.3




	
400

	
1

	
34.0

	
6.9

	
3.2

	
752.8




	
500

	
2

	
21.3

	
5.8

	
4.6

	
332.4




	
600

	
2

	
11.6

	
4.7

	
1.9

	
110.2
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