Effect of grain boundary serrations on creep deformation of Udimet-720Li superalloy 
Tso-Wei Chen1, 2, Bo-Chen Wu3, Yung-Chang Kang4, Hideyuki Murakami5, Yoshiaki Toda5, An-Chou Yeh1, 2, 6*
1 Ph.D. Program in Prospective Functional Materials Industry, National Tsing Hua University, 101, Sec. 2, Kuang-Fu Road, Hsinchu, 30044, Taiwan R.O.C.
2 High Entropy Materials Center, National Tsing Hua University, 101, Sec. 2, Kuang-Fu Road, Hsinchu 300044, Taiwan, ROC 
3 S-Tech Corporation, 15, Gong 1st Road, Environmental Science and Technology Park, Liouying District, Tainan. 73659, Taiwan R.O.C.
4 Gloria Material Technology Corporation, 10, Gong 2nd Road, Liuying District, Tainan. 73659, Taiwan R.O.C.
5 Research Center for Structural Materials, National Institute for Materials Science, 1-2-1 Sengen, Tsukuba 305-0047, Japan 
6 Department of Materials Science and Engineering, National Tsing Hua University, 101, Sec. 2, Kuang-Fu Road, Hsinchu, 300044, Taiwan R.O.C.
*Corresponding Author: yehac@mx.nthu.edu.tw
Keywords: superalloys; heat treatment; serrated grain boundary; creep properties
[bookmark: _Hlk96374176]
Abstract
This article investigates grain boundary serration and its effects on high-temperature creep behavior of Udimet-720Li. Grain boundary serration is induced by controlled cooling during heat treatments, with continuous and discontinuous precipitation of γ′ phase identified as the competing mechanisms affecting serration formation. Continuous precipitation of coarse γ′ particles pin grain boundaries and leads to a slight serration termed the continuous precipitation type (type-I) boundary, while discontinuous reaction forming cellular γ/γ′ behind the mobile grain boundary causes larger serration known as the discontinuous precipitation type (Type-II) boundary. Samples with straight (STB), Type-I (SRB-1), Type-II (SRB-2) grain boundaries were produced, and creep behaviors under 700 °C/700MPa were investigated.
The SRB-1 sample exhibits a notably lower minimum creep rate at about 2.66 × 10-7 s-1 and a prolonged 17% rupture lifetime compared to the STB sample. These improvements are primarily attributed to the different size distribution of γ′ precipitates, which contributes to a higher hindrance to dislocation movements. The presence of Type-I serration also hinders intergranular crack propagation, thereby extending creep life. In contrast, the SRB-2 sample exhibited a higher minimum creep rate, around 1.74*10-6 s-1, and a considerable 42% reduction in rupture lifetime in contrast to the STB sample. This is attributed to the enhanced grain boundary fractions through the formation of Type-II serration in the SRB-2 sample, promoting grain boundary diffusion creep. Additionally, the presence of incoherent cellular γ/γ′ interface associated with Type-II serration facilitates void nucleation, leading to increased creep damage and a shortened creep lifetime for the SRB-2 sample. 




Introduction
[bookmark: _Hlk161663116][bookmark: _Hlk141646415][bookmark: _Hlk141648231][bookmark: _Hlk141646434]	Ni-based superalloys widely used in the fabrication of components in aircraft engines undergo continuous advancements aimed at better temperature capability and improved mechanical properties. Udimet-720Li is a γ′-strengthened alloy renowned for its promising high-temperature properties, such as creep, fatigue, oxidation, and corrosion resistance [1-4]; it is currently utilized in the turbine disk components of aerospace engines. In polycrystalline alloy, grain boundaries play a crucial role in determining the creep properties[5-9]. The fast atomic diffusion path facilitates dislocation movement which enhance deformation rate during high temperature creep. Moreover, grain boundaries can act as source and sink for dislocation, and the accumulation of defects at these sites can initiate cracks, ultimately contributing to intergranular fracture. To control the intergranular brittleness of engineering alloy, grain boundary serration process has attracted lots of attention. Several studies have proposed that serrated grain boundary can be induced by the interaction between grain boundaries and secondary phases precipitation, such as γ′ [10, 11], δ [12], MC-carbide[13] and M23C6-carbide [14], thereby contributing to the serrated features. Additionally, by adding nano-sized inclusions during the vacuum induction melting (VIM)[15] or selective laser melting (SLM)[16, 17] processes can alter the grain boundary structure through its strong pinning effect. Furthermore, in alloys without precipitates, serrated grain boundaries can also be controlled by local grain boundary migration during hot deformation or annealing process[18, 19]. Several studies have suggested that the formation of serrated grain boundaries offers potential enhancements to creep properties in several alloys. For Waspaloy [6], the presence of serrated grain boundaries extended creep life from 1200 to 1400 hours under 705 °C/550 MPa condition. For Inconel 718 [12], the zigzag grain boundary morphology, developed by the precipitation and growth of the δ phase, can prolong the creep life by 400 hours under 650 °C/625 MPa condition. In addition, for IN600 [7], an improvement in creep life and creep strain at 815 °C/70 MPa has been confirmed due to grain boundary serration induced by the precipitation of MC-carbide.
[bookmark: _Hlk153353950]In our previous work [20], we have identified two types of grain boundary serrations in U720Li; the first type, referred to as Type-I boundary and it involves continuous precipitation and coarsening of γ′ particles that can pin grain boundaries and result in a small degree of serration. The second type, termed Type-II boundary, can form due to discontinuous precipitation of cellular γ/γ′ behind the mobile grain boundary, and it can exhibit a more significant degree of serration than that of Type-I boundary. Notably, the presence of serrated grain boundaries, particularly the Type-II boundary, could effectively alleviate strain concentration and prevent the occurrence of intergranular cracking. Consequently, a significant enhancement in hot formability at 1000 °C due to Type-II grain boundary serration was observed. Despite these findings, the effects of the two distinct types of serrated boundaries observed in U720Li on creep properties have remained unknown to-date, especially the deformation behavior of cellular γ/γ′ formed due to discontinuous precipitation associated with Type-II serration still requires clarification. Therefore, the present study aims to investigate the effect of Type-I and Type-II grain boundary serrations on creep in U720Li. 
Experimental Procedure
U720Li ingot, fabricated by vacuum induction melting (VIM furnace, Consarc corp.) followed by vacuum arc remelting process (V700, Consarc corp.), was supplied by S-Tech Corporation, Taiwan (R.O.C.). The chemical composition in weight percentage is shown in Table. 1. Homogenization treatment was conducted at 1180 °C for 16 h to minimize elemental segregation and fully dissolve the γ′ phase. For microstructural control, the homogenized ingots were cold rolled 40% and annealed at 1170 °C for 30 min. Different heat treatments were then performed to induce various grain boundary characteristics; the heat treatment profiles are shown in Fig. 1. In the straight boundary treatment, air cooling was conducted after annealing, and a solution treatment at 1105°C was performed for 2h, followed by air cooling. This specimen is referred to as STB sample. For serrated boundary treatment, slow cooling was performed after annealing at 1170°C to 1105°C, followed by air cooling. Two different cooling rates, 0.1 and 0.01°C/s, were conducted, termed SRB-1 and SRB-2 samples. Two-stage aging process at 760°C for 16h and 650°C for 24h was further employed for all specimens.



Table 1. Chemical composition of U720Li ingot (in weight percentage).
	Al
	B
	C
	Co
	Cr
	Mo
	Ni
	Ti
	W
	Zr

	2.55
	0.014
	0.006
	14.72
	16.42
	2.97
	57.17
	4.88
	1.24
	0.029
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Figure 1. Heat treatment profiles in present work. (a) straight boundary treatment, (b) serrated boundary treatment
	The heat-treated STB, SRB-1 and SRB-2 samples were machined into creep specimens for creep tests under a condition of 700 °C/700 MPa. The dimensions of the specimens are shown in Fig. 2. Comparisons of the results between three sets of samples can reveal the effect of grain boundary morphology on creep behavior.

[image: ]
Figure 2. Dimension of test specimens for creep test.

	Microstructure observations were conducted by using transmission electron microscopy (TEM, JEOL JEM-F200), scanning electron microscopy (SEM, JEOL JSM-IT100 and Zeiss Gemini 300) and optical microscopy (OM, Olympus BX-51M). Metallographic samples of STB, SRB-1 and SRB-2 specimens were prepared using grinding and polishing methods followed by electrolytic etching with 20% H3PO4 in C2H5OH at 2V for 5s. Twin jet polishing was performed in a solution of 90% C2H5OH + 10% HClO4 at −20 °C/25 V to prepare TEM specimens. ImageJ software [21] was used to measure the grain sizes and quantify the size distributions of γ′ precipitates of three different specimens. Electron Backscatter Diffraction (EBSD) analysis was conducted along the normal direction to investigate internal strain distribution of the crept specimens. The analysis was carried out using a Zeiss Gemini 300 scanning electron microscope equipped with a Symmetry S2 EBSD detector and Aztec Crystal software. An acceleration voltage of 20 kV was used, and the aperture size was set to 120 μm-diameter in a high current mode with a probe current of 12 nA. 

Results and Analysis
Microstructure Characterization
The microstructures of the as-heat treated U720Li are shown in Fig. 3. Both the STB and SRB-1 samples exhibit an equiaxed grain structure with random orientation (Fig. 3(a, b)). The determined average grain sizes, obtained using the line intercept method, are 418 and 427 μm for the STB and SRB-1 samples, respectively. The application of air cooling to 1105°C after annealing resulted in straight grain boundaries (Fig. 3(d)), while the controlled cooling at 0.1 °C/s led to a finely serrated morphology (Fig. 3(e)). Moreover, a further reduction in the cooling rate to 0.01 °C/s intensified the grain boundary serration, leading to a more complex-shaped grain structure. As measured on the 2D sections, the grain size of the SRB-2 sample is approximately 85 μm, notably smaller than the other two sample conditions.

[image: ]
Figure 3. OM and EBSD IPF-Z images of (a, d) STB, (b, e) SRB-1 and (c, f) SRB-2 sample showing the grain structures.

[bookmark: _Hlk161256136][bookmark: _Hlk161257573][bookmark: _Hlk161258491]	Microstructural analysis reveals a trimodal size distribution of γ′ precipitates in all samples, as shown in Fig. 4. Based on the heat treatment profile (Fig. 1), coarse secondary γ′ particles persist within the microstructure prior to air cooling from 1105 °C (Fig. 4(a-c)). Subsequent air cooling and double-step ageing lead to the formation of fine secondary and tertiary γ′ located within the interspaces of coarse secondary γ′ precipitates, as shown in Fig. 4(d-f). In the STB sample, a dispersion of cuboidal γ′ is evident (Fig. 4(a)), and the grain boundary remained straight (Fig. 5(a)). On the other hand, the reduced cooling rates following annealing at 1170 °C led to the growth of γ′ particles with lower density and larger interparticle spacing. In the SRB-1 sample, cooling at a rate of 0.1°C/s resulted in the coarsening of γ′ particles(Fig. 4(b)), these particles simultaneoulsy impede the motion of grain boundaries and resulted in the formation of Type-I serrated boundary (Fig. 5(b)). Furthermore, in the SRB-2 sample cooled at 0.01°C/s, the coarse γ′ particles further enlarged, transforming into a fan structure. The wider particle interspacing enabled segments of mobile grain boundary to bend through the supersaturated matrix in-between particles. This grain boundary migration process enhanced discontinuous precipitation, leading to the formation of cellular structure and more pronounced serration of grain boundaries, identified as Type-II boundary. 

[image: ]
Figure 4. SEM and TEM bight field images of (a, d) STB, (b, e) SRB-1 and (c, f) SRB-2 sample showing the γ′ precipitates.
[image: ]
Figure 5. SEM BEI images of (a) STB, (b) SRB-1 and (c) SRB-2 sample showing the grain boundaries.

Creep Properties
Fig. 6 shows creep curves under 700 °C/700MPa for three samples. The creep lives of STB, SRB-1, and SRB-2 samples were about 545, 640, and 315 hours, respectively. Furthermore, the minimum creep rates were about 3.74*10-7, 2.66*10-7, and 1.74*10-6 s-1, respectively. Although previous study suggested Type-II serration could be beneficial to the hot formability of U720Li [20], it appeared to be detrimental to creep resistance. The SRB-2 sample exhibited a significantly higher creep strain rate, which shortens the creep lifetime. Interestingly, Type-I grain boundary serration was shown to enhance the creep resistance as the SRB-1 sample performed a lower minimum creep strain rate and extended secondary and tertiary creep, which outperformed not only SRB-2 but also the STB sample. 



[image: ]
Figure 6. Creep curves showing (a) Creep strain vs. time and (b) Creep strain rate vs. time of three specimens under 700 °C/700MPa. 
[bookmark: _Hlk161661187]	Longitudinal sections of crept specimens were examined to investigate the effect of serrated grain boundary on crack propagation during creep, as shown in Fig. 7. According to the kernel average misorientation (KAM) maps, in-grain slip lines were observed in all crept specimens (Fig. 7g -i), confirming the occurrence of dislocation slip under the applied testing condition. In addition, increased KAM values are often observed along grain boundaries, the strain concentration contributed to grain boundary cavitation that subsequently propagated into cracks. Intergranular fracture is the main fracture mechanism in all three specimens. In the STB and SRB-2 sample, intergranular cracks were observed continuously (Fig. 7(a, c)). In contrast, intergranular cracks observed in the SRB-1 sample often appeared in segments ahead of the main crack (Fig. 7(b)). KAM analysis also shows internal strain more localized at each protrusion along the serrated grain boundary (Fig. 7(h)). This indicates that the fine serrated morphology of Type-I boundary could provide resistance against shearing and retard the propagation of microcracks during creep test.
[image: ]
Figure 7. SEM SEI images and EBSD IPF and KAM maps showing the longitudinal sections of crept samples. (a, d, g) STB, (b, e, h) SRB-1 and (c, f, i) SRB-2 sample.

Discussions
In this study, different type of grain boundary serration and its effect on creep behavior in U720Li alloy was investigated. Grain boundary serration can be induced in U720Li by controlled cooling at 0.1 °C/s and below to 1105°C from temperature above γ′ solvus. Two important conditions are necessary for the serration to proceed; first is the mobile grain boundaries, second-phase particles such as carbides or γ′ along the grain boundaries may impede grain boundary serration. Secondly, supersaturated matrix is required, as it provides the driving force for the precipitation of γ′ phase to interact with the mobile grain boundary. Therefore, the serration process primarily occurs at temperature close to the γ′ solvus cooling from supersolvus temperature. Continuous and discontinuous precipitation of γ′ phase plays significant roles in different forms of grain boundary serration, causing Type-I and Type-II serration, respectively. Type-I boundary is attributed to the Zener drag effect of the coarse γ′ particles formed during slow cooling, which pin the mobile grain boundary and lead to the small serration of grain boundary. Type-II boundaries are formed due to the discontinuous precipitation occurring behind the mobile grain boundary. The migration of grain boundaries relaxes the metastable state of supersaturated matrix, accompanied by cellular precipitation leading to large boundary serration. 
The nucleation and growth of γ′ phase is strongly affected by the cooling rate. As a lower cooling rate contributes to a smaller undercooling and supersaturation, the nucleation rate of γ′ is reduced. Coarse precipitates with low number density and high particle interspacing are produced. This provides more space for grain boundaries to migrate freely and allows grain boundaries to pass through more supersaturated matrix. Therefore, discontinuous reaction is enhanced with reducing cooling rate, resulting in higher fractions of cellular structure and grain boundaries. Consequently, this process contributes to the observed refinement in grain size of SRB-2 specimen as measured from the 2D sections.
According to the creep test results (Fig. 6), all specimens exhibited a short primary creep regime in the first 10 h before the transition into secondary creep stage. This phenomenon is common in nickel-based superalloys with a high volume fraction of γ′ precipitates[22], dislocations are generated from sources within the γ matrix, subsequently undergoing multiplication during glide and eventually being deposited onto the γ/γ′ interfaces. Dislocation movement is hindered, reducing the creep deformation and leading to a rapid transition to secondary creep.
[bookmark: _Hlk161661487]In the present study, the SRB-2 sample had a notably high minimum creep rate and a shortened creep life, indicating the detrimental effect of Type-II boundary on creep properties. Grain boundaries and γ′ distribution might play important roles in affecting creep strain rate. At temperatures below 0.7 Tm, creep can be controlled by the diffusion of vacancies along grain boundaries[23], thereby affecting the minimum creep rate during the early creep stage. EBSD results show a much finer 2D-grain size in the SRB-2 sample comparing with other two samples (Fig. 3), the higher fraction of grain boundaries offers more pathways for grain boundary diffusion. In addition, U720Li contains several grain boundary strengtheners (e.g., C, B, and Zr), which can decrease grain boundary diffusivity and enhance creep strength[24-26]. However, the concentrations of these strengtheners along the grain boundaries become diluted due to the higher fraction of grain boundary in the SRB-2 sample. Consequently, the creep strain rate of the SRB-2 sample is effectively enhanced. On the other hand, the SRB-2 sample exhibits a larger interspacing of coarse secondary γ′ particles, which allow dislocations to bypass more easily[27, 28], this could lead to a higher creep strain rate. Previous study has also pointed out that the overgrowth of γ′ into a flowery or cellular structure results in the loss of coherency with the γ matrix to form a smoother interface[29]. The strengthening stress caused by the coherency strain at the γ/γ′ interface disappears, therefore allowing dislocations to shear into the γ′ phase more easily [30]. This phenomenon further contributes to the enhanced creep strain rate of SRB-2 sample. 
Besides, by comparing the STB and SRB-1 sample with identical grain size, the SRB-1 sample performed a relatively low minimum creep rate. Since the grain size of the sample is as large as 400 μm, the grain boundaries may have no significant effect on the creep strain rate, while the size distribution of γ′ phase is the main reason for the different minimum creep rates. A common formulation (eq.1) can be used to describe the minimum creep rate for particle-strengthened alloys[31]: 
	
	(1)



Where  is the minimum creep rate, A is a material dependent parameter, Deff is the effective 
diffusion coefficient,  is the stacking fault energy of the matrix, b is the burgers vector, σ is the applied stress, σp is the resistance stress caused by particle strengthening, with G and E the shear and Young′s modulus of the matrix phase at the creep temperature, respectively. According to this equation, the major factor affecting the minimum creep rate is the term σp, which is contributed by the strengthening contributions of γ′ precipitates. 
	The strengthening contributions of γ′ precipitates with multimodal distribution are calculated using the model proposed by Galindo-Nava et al.[32]:

	
	(2)



	
	(3)



Where τp is the critical resolved shear stress, M is the Taylor orientation factor and it is equal to 3.06[33], G is the shear modulus of the matrix (~67 GPa at 1000 °C calculated using simple pair-wise mixture model [34]), b is Burgers vector (~0.257nm calculated from Thermo-Calc software [35]), wc, ws and wt is the normalised particle number of coarse, secondary and tertiary γ′, respectively, (wc + ws + wt = 1), γAPB is the antiphase boundary energy (~0.279 J/m2 at 700 °C[32]), Li is the mean particle spacing and ri is the average radius of γ′ precipitates. li is the length of the dislocation cutting the ordered particle and Λi is the effective length of the dislocation driving particle cutting. The expressions of li and Λi are as follows: 
	
	(4)

	
	(5)


[bookmark: _Hlk161661704]In the present study, the size distribution of γ′ precipitates in the STB and SRB-1 samples were measured through analysis of SEM and TEM images, as shown in Fig. 4 . The coarse γ′ particles are measured from SEM images and the fine secondary and tertiary γ′ particles are measured from TEM images, at least five micrographs and 200 particles were measured to acquire reliable data. The quantified data and the calculated strengthening stress are shown in Table. 2. The SRB-1 sample exhibited a lower fraction of coarse γ′ and a higher proportion of fine secondary and tertiary γ′ precipitates, leading to a higher precipitation strengthening stress. This provides SRB-1 sample with higher creep resistance and results in a lower creep rate. The strain rate ratio between the SRB-1 and STB sample calculated from equation (1) is 0.66, which is in good agreement with the actual creep data at about 0.7 and confirms the major contribution of precipitation strengthening on the minimum creep rate.
Table. 2. Average size, normalized particle number of γ′ phase, and the calculated precipitation strengthening stress of different heat treatments.
	
	rc (nm)
	wc
	rs (nm)
	ws
	rt (nm)
	wt
	τp (MPa)
	σp (MPa)

	STB
	176.6
	0.0066
	31.3
	0.1112
	6.2
	0.8822
	66.34
	199.03

	SRB-1
	247.9
	0.0018
	26.6
	0.1654
	5.9
	0.8328
	82.84
	248.52



The extension of tertiary creep region in SRB-1 sample is attributed to the hindrance effect caused by serrated grain boundary on crack propagation. These boundaries are observed to serve as deflectors of cracks, impeding the connection of microcracks. Consequently, the acceleration in creep strain rate during the later stages of creep is delayed, leading to a prolonged tertiary creep region. However, with respect to SRB-2 sample, the formation of the Type-II boundary is associated with the formation of incoherent cellular γ/γ′ structures. Previous studies have pointed out that the existence of incoherent coarse γ′ may facilitate dislocations accumulation and void nucleation at the interface between γ and γ′ phase [36, 37]. These incoherent cellular γ/γ′ interfaces were potential sites to form creep damage during the later stages of creep (Fig. 7(f)), which accelerated creep failure. Furthermore, the finer 2D-grain size observed in the SRB-2 sample provides higher fractions of grain boundary, which also enhances cavity nucleation and crack propagation during the later stages of creep[38].
This study confirms the enhancement of creep resistance by minor adjustments on heat treatment to induce grain boundary serration. Type-I serration could decrease the creep strain rate and prolong the creep life of U720Li alloy. However, the presence of Type-II boundary could induce more creep damage and result in a decrease in creep resistance.

Conclusions
This study investigated the influence of grain boundary serration on the high-temperature creep behavior of an advanced superalloy. The key findings of the study are as follows:
1. Air cooling from supersolvus annealing led to the formation of straight boundaries. By controlling cooling conditions, two distinct grain boundary serrations, Type-I and Type-II boundary, were induced, each impacting the creep properties differently. 
2. The SRB-1 sample, characterized by Type-I serration due to continuous precipitation of γ′, demonstrated enhanced creep resistance. It exhibited a reduced minimum creep rate and prolonged rupture lifetime by 17% compared to the sample with straight boundaries (STB sample) during creep tests at 700°C/700MPa. This enhancement was primarily attributed to two factors: the higher fractions of fine secondary and tertiary γ′, providing higher resistance to dislocation movements, and the presence of Type-I serration, which effectively deflected crack propagation.
3. In contrast, the SRB-2 sample exhibited Type-II boundaries due to discontinuous precipitation of γ′, resulting in a 42% decrease in rupture life compared to the STB sample. The enhanced grain boundary fraction associated with Type-II serration promoted grain boundary diffusion creep, while the incoherent cellular γ/γ′ interface accelerated void nucleation, causing increased creep damage and a shortened creep life.
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