Investigation on the grain boundary strengthening effect of a nickel-based superalloy
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Abstract: The grain boundary strengthening effect (GBSE) was investigated for nickel-based superalloy bicrystals with various misorientations under different temperatures and loading directions. The results show that the GBSE is enhanced with the increase of misorientation and insensitive to the temperature. Besides, the loading direction relative to GB also has strong effect on GBSE. On the other hand, the GBSE is often accompanied by GB cracking. The trend of GB cracking is heightened with the increase of misorientation and temperature. However, the trend of GB cracking is reduced strongly when the loading direction transforms from parallel direction to vertical direction.
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1. Introduction

Single crystal (SC) superalloy is widely applied to turbine blades of industry gas turbines because of its excellent mechanical properties at high temperature 
 ADDIN EN.CITE 

[1-9]
. The inevitable low angle grain boundaries (GBs) during production have apparent impact on the fatigue properties of blades, which influences the quality and safety of the equipment 
 ADDIN EN.CITE 

[10-15]
. However, fatigue experiments need long period and huge investment, which limits the correlative researches. Fortunately, previous studies by Z. F. Zhang and Z. G. Wang 
 ADDIN EN.CITE 

[16-18]
 reveal that the fatigue damage of a bicrystal is positive correlation with the GB strengthening effect (GBSE). Therefore, it might be instructional to study the GBSE for revealing the GB damage behaviors.

However, previous works have paid little attention to the GBSE of metallic materials directly. Similar studies focus on the deformation behaviors of GB, through investigating the mechanical behaviors of bicrystals 
 ADDIN EN.CITE 

[16, 19-23]
. These studies indicate that the deformation behaviors of GB are influenced by the included angle between loading direction and GB, the experimental temperature and also the misorientation of GB.
H. Xu et al. 
 ADDIN EN.CITE 

[19]
 proposed that the yield strengths and cracking behaviors of SRR99 bicrystal in tensile tests are correlated with the included angle between loading direction and GB. When the angle is adjacent to 0°, the yield strength is large and the driving force of crack propagation along the GB is low. L. Zhang et al. 
 ADDIN EN.CITE 

[23]
 found that the shear-coupled behavior of GB migration of aluminum bicrystal is sensitive to the temperature. As the temperature increases, the GB structural transformation is facilitated. Therefore the coupling mode of GB migration which reflects the strength of bicrystal is changed.
Among the three factors, misorientation is especially important for the deformation behaviors of GB. Misorientation can interact with dislocations directly, therefore influencing the deformation of GB obviously. Z. F. Zhang et al. 
 ADDIN EN.CITE 

[16-18]
 systematically investigated the relationship between GB misorientation and fatigue cracking of bicrystals, and found that fatigue cracks are prone to initiate along high-angle GBs (HAGBs) rather than low-angle GBs (LAGBs). This is because of the blocking effect of HAGBs to dislocations, while dislocations can penetrate through LAGBs freely.
Previous work mainly focused on the plastic deformation mechanisms and cracking behaviors of GB. However, the GB strengthening mechanism of a bicrystal, especially of a superalloy bicrystal, was less concentrated on. When dislocations slip to the vicinity of GB, the lattice distortion at GB generates local stress that hinders the further slipping dislocations 
 ADDIN EN.CITE 

[24-26]
, leading to a local plastic strain incoordination. Afterwards, the resulting plastic strain incoordination and GB constraint on the constituent SCs will evoke the grain boundary affected zone beside the GB. The high stress of grain boundary affected zone will trigger GBSE finally. Consequently, in the present study, compression experiments of nickel-based superalloy DD5 bicrystals were conducted to research the GBSE. The effect of misorientation, temperature and loading direction on the GBSE were also discussed systematically.     

2. Experimental materials and procedures

2.1. Samples preparation
In the present study, nickel-based SC superalloy DD5 was selected and the average chemical compositions are given in Table 1.
Table 1. Chemical compositions of DD5 SC sheets.

	Element
	Co
	Cr
	Al
	Mo
	W
	Ta

	wt%
	7.62
	7.05
	6.2
	1.56
	5.02
	6.58

	Element
	Re
	C
	B
	Hf
	Ni
	

	wt%
	2.93
	0.05
	<0.01
	0.17
	Bal.
	


The SC sheets were cast by seed crystal method 
 ADDIN EN.CITE 

[27-29]
 and high rate solidification (HRS) [30]. The main orientation is controlled as [001] which possesses the best mechanical properties. The precise orientation is finally determined by electron backscatter diffraction (EBSD) method. The as-cast DD5 bicrystal sheets were produced by double seed crystals method 
 ADDIN EN.CITE 

[31, 32]
 in the vacuum directional solidification furnace. During the growth of the two seed crystals, one grew along [001] orientation and the other along directions with certain angles (3°, 20° and 28°) with [001], as shown in Fig. 1. All the bicrystal sheets were treated with 1300 ℃-2 h solid solution + AC (air cooling); (1120 ℃, 4 h) +AC; (1080 ℃, 4 h) +AC; and (900 ℃, 4 h) +AC 
 ADDIN EN.CITE 

[33]
. 
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Fig. 1. Preparation diagram of compression samples.
2.2. Compression experiments
Three types of compression samples (one bicrystal and two constituent single crystals) were cut from the sheet with dimension of 5 mm × 5 mm × 5 mm, as shown in Fig. 1. The sample surfaces were smoothed mechanically and electronically with electrolyte of 10% HClO4 + 90% C2H5OH.

Three misorientations (3° or 20° or 28°), two temperatures (room temperature (RT) and 900 ℃) and two loading directions (parallel to the GB (PD) and vertical to the GB (VD)) were investigated for indicating the GBSE. Two samples were compressed for each condition. The compression experiments were performed with the Instron 5982 universal testing machine, with compression speed of 0.3 mm/min. The surface morphologies of the compressed samples were observed using an LEO Supra 35 field emission scanning electron microscope (SEM).

3. Experimental results

3.1. Compression curves at room temperature

Because of the bulging effect of compression experiments, the strain is limited to 25% in the present study. The compression curves of the samples with different misorientations and loading directions at room temperature are shown in Fig. 2. Because it is hard to insure the complete parallelism of the upper and lower surfaces of the compression samples, the proportions of elastic section of the compression curves is relatively large. Nevertheless, for analyzing the GBSE effect, only the yield strength is involved and the inaccurate strain does not influence the results, as will be further verified in the discussion section. Overall, the curves of the bicrystal samples are different from those of the SC samples (Fig. 2a-f), indicating the important effect of GBs. For PD (Fig. 2a, 2c and 2e) and VD (Fig. 2b, 2d and 2e) samples, the difference between the compression behaviors of a bicrystal and the corresponding SCs varies with misorientation. This can be attributed to the impact of misorientation on GBSE. On the other hand, for the same misorientation, the compression behaviors of PD bicrystals are also distinct from those of the VD bicrystals (Fig. 2a-2b, Fig. 2c-2d, Fig. 2e-2f). Therefore, loading direction also plays a vital part in GBSE.
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Fig. 2. Compressive stress-strain curves of DD5 samples with various misorientations and loading directions at room temperature: (a) 3°, PD; (b) 3°, VD; (c) 20°, PD; (d) 20°, VD; (e) 28°, PD; (f) 28°, VD.

3.2. Compression curves at 900 ℃

The compression curves of the samples with different misorientations and loading directions at 900 ℃ are shown in Fig. 3. Because the strain gauge could not be used at 900 ℃, so the proportions of elastic section in 3.2 are even larger than that in 3.1. This does not affect the obtainment of yield strengths and the analysis for GBSE, as will also be proved in following content. At 900 ℃, the compression behavior of the bicrystal also varies with misorientation or loading direction (Fig. 3a-f). This shows that both misorientation and loading direction also affect GBSE strongly at elevated temperature. Furthermore, for the samples with the same misorientation and loading direction, the compression behaviors at 900 ℃ are obviously distinct from those at RT (compare Fig. 2 and Fig. 3). This manifests that temperature is also a non-ignorable factor for revealing the mechanism of GBSE.
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Fig. 3. Compressive stress-strain curves of DD5 samples with various misorientations and loading directions at 900 ℃: (a) 3°, PD; (b) 3°, VD; (c) 20°, PD; (d) 20°, VD; (e) 28°, PD; (f) 28°, VD.

4. Discussion

4.1. Proposal of grain boundary strengthening ratio

For deeply revealing the effect of GB, a parameter should be proposed to quantitatively describe the GBSE. Critical resolved shear stress τC is the minimum resolved shear stress to activate the slip system in a SC, which can be used to reflect the resistance of plastic deformation for SC. According to Schmid law, the critical resolved shear stresses τA and τB of SC A and B on the both sides of GB can be respectively expressed as:
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                      (1)

Where σA, σB and ΩA, ΩB are the yield strengths and Schmid factors of SC A and SC B, respectively.

The GBSE of bicrystals can be calculated through comparing the difference in the critical resolved shear stresses of the bicrystal and the two component crystals. As there is not a particular Schmid factor for the bicrystal, an effective Schmid factor ΩGB can be approximately calculated by the mixing rule: 
     [image: image7.png]


                        (2)

Where VA and VB are the volume fractions of SC A and SC B in the bicrystal respectively. VA and VB can be approximately regarded as 0.5 in present work. Hence, the critical resolved shear stress τGB of the bicrystal can be expressed as：
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                          (3)

Where σGB is the yield strength of the bicrystal. Consequently, the GBSE can be quantitatively described as the difference ratio of the resistances to plastic deformation of the bicrystal and corresponding SCs. This parameter, named as grain boundary strengthening ratio η, can be expressed as follows:
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                            (4)
Combining equations (1), (3) and (4), one can get:
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                           (5)

As mentioned above, there exist some errors in the strain for the compressive curves in Fig. 2 and Fig. 3 because of some experimental factors, however, this does not affect the yield strength, therefore do not influence the value of η. For accurately acquiring the yield strength, two approaches were utilized. The first consideration is that when yielding happens, the sample will experience a deformation transformation from elastic to plastic, leading to a fast slope change in the compression curve. Therefore, if one makes derivation twice on the compression curve, the lowest point of the derivative curve corresponds to the yield point. The second consideration is a relative conventional one, i.e. finding the intersection of the two extensional lines of the elastic and plastic deformation section nearby the yielding point. By contrast, it is found that the two yield strengths acquired from the above two methods nearly equals to each other. Therefore, in the following calculations and analyses, the yield strength values are acquired by the first method.

The yield strength data, Schmid factors of the bicrystal samples and component SC samples were listed in table 2. According to Eq. (5), the final GBSE parameters η were calculated for each case, which was also listed in table 2. Two same samples were selected for each condition and the average value was adopted.
Table 2. Basic mechanical indices of DD5 bicrystal sample groups with various misorientations.

	Sample group
	𝜎A
	ΩA
	𝜎B
	ΩB
	𝜎GB
	η
	Average of η

	
	(Mpa)
	　
	(Mpa)
	　
	(Mpa)
	(%)
	(%)

	3° - RT - PD
	930
	0.464
	966
	0.463
	924
	97.47 
	97.68 

	
	920
	0.456
	945
	0.471
	913
	97.89 
	

	3° - RT -VD
	860
	0.461
	870
	0.474
	839
	96.99 
	96.64 

	
	854
	0.459
	890
	0.475
	840
	96.30 
	

	20° - RT - PD
	881
	0.453
	838
	0.481
	900
	104.79 
	105.13 

	
	884
	0.471
	874
	0.478
	927
	105.47 
	

	20° - RT - VD
	861
	0.462
	835
	0.472
	826
	97.42 
	97.11 

	
	875
	0.458
	847
	0.486
	833
	96.79 
	

	28° - RT - PD
	851
	0.453
	850
	0.476
	910
	107.00 
	106.36 

	
	844
	0.469
	849
	0.495
	895
	105.72 
	

	28° - RT - VD
	860
	0.488
	880
	0.488
	866
	99.54 
	99.51 

	
	863
	0.471
	882
	0.48
	868
	99.47 
	

	3° - 900℃- PD
	881
	0.479
	898
	0.424
	878
	98.76 
	98.77 

	
	885
	0.476
	899
	0.46
	881
	98.78 
	

	3° - 900℃- VD
	889
	0.456
	917
	0.473
	871
	96.43 
	96.66 

	
	880
	0.453
	899
	0.471
	862
	96.89 
	

	20° - 900℃ - PD
	882
	0.421
	879
	0.451
	919
	104.38 
	104.44 

	
	881
	0.423
	874
	0.428
	917
	104.50 
	


	20° - 900℃ - VD
	888
	0.456
	917
	0.473
	883
	97.81 
	97.72 

	
	887
	0.471
	918
	0.463
	881
	97.63 
	

	28° - 900℃ - PD
	863
	0.466
	900
	0.483
	947
	107.39 
	106.88 

	
	889
	0.454
	899
	0.478
	951
	106.36 
	

	28° - 900℃ - VD
	899
	0.481
	930
	0.462
	903
	98.78 
	99.13 

	
	897
	0.47
	915
	0.446
	901
	99.47 
	


4.2. Influence of misorientation

The variation of η with misorientation for different temperatures and loading directions is shown in Fig. 4. For each loading direction and temperature, η always increases with the misorientation, indicating that the GBSE is enhanced with the increase of misorientation generally. On the other hand, the η of the bicrystal with misorientation of 3° is less than 100% for both VD and PD cases, indicating that GB with 3° has little strengthening effect on the bicrystal. This can be owing to the little misorientation between the two SCs, so that dislocations can penetrate the LAGBs without much barrier. In this case, the fatigue properties should neither be affected too much.
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Fig. 4. Variation of η with misorientation for different temperatures and loading directions.
The surface slip bands (SBs) and damage morphologies of DD5 bicrystal samples with various misorientations under RT and 900 °C are shown in Fig. 5 (a, c, e) and Fig.5(b, d, f), respectively. It can be seen clearly from Fig. 5a, 5b that the SBs can penetrate through 3° LAGB freely, which can hardly be hindered by the GB. Therefore, the damage is limited and cracks do not initiate at along LAGB at 900 °C. However, with the increase of misorientation (to 20° and 28°), the hindering effect of the GB to SBs increases because of the large orientation difference between the two SCs (Fig. 5c, 5e, 5d and 5f ). Therefore, SBs are stopped at GBs, and secondary and even third SBs were activated (Fig. 5 c and 5e). This leads to a strong strain incompatibility and stress concentrating which results in the initiation and propagation of cracks at elevated temperature, as reflected by Fig. 5d and 5f. 
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Fig.5. Surface slip bands and damage morphologies of DD5 bicrystal samples with various misorientations at different temperatures under PD：(a) 3°, RT; (b) 3°, 900 ℃; (c) 20°, RT; (d) 20°, 900 ℃; (e) 28°, RT; (f) 28°, 900 ℃.

4.3. Influence of temperature

The variation of η with temperature for different misorientations and loading directions is shown in Fig. 6. It can be seen that η nearly remain stable for the three misorientations and two loading directions when temperature increases from RT to 900 ℃. This indicates that the GBSE might be independent with temperature. The reason should be related to the intrinsic endurance of superalloy to the temperature, i.e. the yield strengths change little when the deformation temperature is increased from RT and 900 ℃, which are all around 900 MPa, as illustrated by the yield strength data in table 2. This independence of GBSE to temperature may be beneficial for properties predicting from an engineering view. For example, for a quick and rough prediction of fatigue damage of a GB under elevated temperature, the GBSE value of elevated temperature is needed, which, in view of the above results, can be acquired directly by carrying out tension/compression experiments at RT.
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Fig. 6. Variation of η with temperature for different misorientations and loading directions.
Although the GBSE values for RT and elevated temperature nearly remain unchanged, the damage degrees of different temperatures are not the same. As illustrated by Fig. 5, at RT, even the SBs are blocked strongly by the GBs for bicrystals with HAGB, the intergranular cracking does not appear because of the low temperature (Fig. 5c and 5e). However, at 900 ℃, as the binding force of GB decreases, cracks initiate along GBs for bicrystals with large misorientations, i.e. 20° and 28° (Fig. 5 d and 5f). For the 3° bicrystals, because of the small misorientation, stress concentration is limited, so that no cracks happen (Fig. 5b) even at 900 ℃. Hence, GBSE only reflects the damage of misorientation or strain incompatibility, which is insensitive to the temperature. Therefore, for an accurate evaluation of the damage of GBs, in addition to GBSE, the binding strength of GB for different temperatures should also be considered.

4.4. Influence of loading direction

The variation of η with loading direction for different misorientations and temperatures is shown in Fig. 7. For the same misorientation and temperature, the η under PD is always higher than that under VD, indicating that the GBSE under PD is stronger than that under VD. In addition, the η under VD is always less than 100%, indicating that the GB under VD has little strengthening effect on the bicrystal. When the loading direction transforms from PD to VD, compared to the misorientation of 3°, the decrease of η for misorientation of 20° and 28° is especially apparent. This may be attributed to that the GBSE is more obvious for the 20° and 28° samples than for the 3° samples under PD.
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Fig.7. Variation of η with loading direction for different misorientations and temperatures.
The surface slip bands and damage morphologies of DD5 bicrystal samples with various misorientations under different loading directions at 900 ℃ are shown in Fig. 8. It is clear that for the PD samples, SBs distribute on the both sides of GB (Fig. 8a and 8c), while for the VD samples, SBs can only be detected on one side of GB (Fig. 8b and 8d). Besides, the densities of SBs at GB for the PD samples are also larger than those for VD samples. These demonstrate that the blocking effect of GB under PD is stronger than that under VD. This is the reason that PD samples with HAGBs show higher GBSE than the VD samples. In addition, at 900 ℃, there are intergranular cracks along the HAGBs for PD samples (Fig. 8a and 8c), but no intergranular cracks occur along the HAGBs for the VD samples (Fig. 8b and 8d), which will be further explained in the following paragraph.
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Fig. 8. Surface slip bands and damage morphologies of DD5 bicrystal samples with various misorientations under different loading directions at 900 ℃: (a) 20°, PD; (b) 20°, VD; (c) 28°, PD; (d) 28°, VD. 

To explain the above phenomenon, a bicrystal compression model is illustrated as shown in Fig. 9. For the PD case (Fig. 9a), the parallel GB have to participate the whole elastic and plastic deformation process with the bilateral SCs. Hence, it plays a coordination and strengthening effect during the whole deformation process, which includes the yielding process. Consequently, the yield strength is enhanced by the parallel GB, which is the origin of GBSE. However, for the VD case (Fig. 9b), as the orientation of the two grains is different, the yield strength is also different. In view of the series connection mode, the soft SC may yield and release the strain first, while the hard SC may remain in the elastic deformation. Therefore, the yielding behavior is mainly dominated by the soft SC, and the effect of GB’s coordination is limited. In this case, the GBSE of vertical GB is also limited. This is the reason that the GBSE values of VD are always lower than those of PD for the three misorientations and two temperatures. For the cracking behaviors in Fig. 8, except for the difference in the stress concentration degree because of dislocation pile-up for the two loading directions, the inclined angles between the loading directions and GB planes also has vital influence. That is, the horizontally stretching strain on both sides of GB under PD has a promotion effect on the crack initiation and propagation along the GB, while the closing effect of VD has an inhibition effect on that.
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Fig. 9. Compression model of DD5 superalloy bicrystal: (a) PD; (b) VD.

5.  Conclusion
The compression behaviors of superalloy bicrystals were systematically investigated to reveal the influence of misorientation, temperature and loading direction on the GBSE. The main conclusions are summarized as follows:

1) Misorientation has strong influences on both GBSE and GB cracking. 3° LAGB can hardly block the SBs during plastic deformation for the small misorientation, which generates very limited GBSE and cannot cause GB cracking. With the increase of misorientation, the blocking effect of GB to SBs is enhanced, so that the GBSE and cracking trend is increased monotonously.

2) Temperature has little influence on GBSE, but has strong influence on the GB cracking behaviors. GBSE is insensitive to temperature because of the intrinsic strength endurance of superalloy to temperature. However, the intergranular cracks occur along HAGBs at elevated temperature due to the weakened binding forces of GBs.
3) Loading direction has strong influences on both GBSE and GB cracking. The coordinating effect of GB to SBs under PD is stronger than that under VD, which results in a greater GBSE under PD. Intergranular cracks along HAGBs only occur under PD condition because of both the strong stress concentration and the stretching strain under this loading case.
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