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Abstract


This work reports a new methodology using indentation stress relaxation to characterize the dislocation velocity–stress exponent. Through the indentation stress relaxation process, the dislocation structure builds up at the rate governed by dislocation velocity, which is a function of the externally applied stress. The relationship between the dislocation velocity and stress can thus be derived from the indentation stress relaxation data of the stress as a function of time. In this study, instrumented nanoindentation stress relaxation experiments were performed on pure aluminum samples, following three different initial displacement rates of 100, 400, and 800 nm/s. Based on the scaling properties of dislocation kinetics, the data were interpreted to derive a dislocation velocity–stress exponent of 2.5 ± 0.5 for room-temperature aluminum. Crystal plasticity finite-element simulations were performed to illustrate the sensitivity of the proposed nanoindentation stress relaxation methodology to the dislocation velocity–stress exponent value.
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1. Introduction


Emerging instrumented nanoindentation techniques are facilitating the high-throughput characterization of local mechanical properties, especially in materials with microstructural heterogeneity and limited available volume, such as in nuclear materials, thin films, composites, and functionally graded materials [1,2,3,4,5]. However, the gradients of stress and strain under indentation create barriers to data interpretation. Strategies utilizing the nature of the stress fields of different indentation tip geometries have been applied to interpretate the nanoindentation data. For instance, the self-similarity of a Berkovich indenter facilitates the extrapolation of bulk hardness from indentation data subjected to the size effect [6], as well as the determination of the strain rate–stress exponent,   n  , of the strain rate from nanoindentation creep experiments [7,8,9,10]. However, as pointed out by Goodall and Clyne, the strain rate–stress exponent determined by the nanoindentation creep methodology is rarely consistent with that determined by conventional bulk creep testing [10]. Another example is the utilization of a flat-punch indenter to mitigate the stress gradient, as seen in several indentation creep and stress relaxation studies [11,12]. Yet, with the reduction in indenter size, the heterogeneity of the stress field at the periphery of a flat punch becomes more significant; the existing data interpretation model of the flat-punch stress relaxation also relies on the presumption of dislocation density invariance [11]. Utilizing established scaling relationships among the stress, dislocation kinetics, and time [13], we present a new approach to determine the dislocation velocity–stress exponent,   m  , through the nanoindentation stress relaxation method with a Berkovich indenter. In the following section, we introduce the basis of dislocation kinetics concerning the importance of   m  , the general stress relaxation process associated with the coevolution of stress components and dislocations. We also discuss the theorical basis for the development of a new nanoindentation stress relaxation methodology.



Plastic strain in crystalline materials is typically mediated by dislocations. Under applied stress, dislocation generation, motion, interaction, and annihilation govern both the macroscopic plastic straining and the flow stress. Notably, the relationship between dislocation velocity and stress is a key to the rate of plastic deformation. For example, it influences the kinetics of dislocation interactions that form networks, the strain rate under steady-state dislocation density, and the plastic energy dissipation during ductile fracture. This relationship has been described by a power law, shown in Equation (1), which is commonly used in both reduced-order models and physics-based models, including the crystal plasticity (CP) finite element method and dislocation dynamics simulations [14].


  v = B   ( σ −   σ   i   )   m   ,  



(1)







In Equation (1),   v   is the dislocation velocity, B is a material constant depending on the microstructure profile,   σ   is the applied stress,     σ   i     is the internal stress, and   m   is a velocity–stress exponent [15,16].   m   relates to the mechanism of dislocation mobility. For example,   m ≈ 1   corresponds to the viscous motion of dislocations, e.g., when a solute cloud is formed and exerts a drag force on the dislocation. A much larger   m   (  ≫ 1  ) corresponds to the jerky movement of dislocations as the pinned dislocations break away from obstacles [16]. The unpinning process may involve thermal activation, including diffusion, for dislocations to overcome the obstacles and move freely before encountering the next obstacle.



The dislocation velocity–stress relationship and its macroscopic manifestation, the strain rate–stress relationship, can be investigated using stress relaxation experiments [11,17,18,19,20]. Following transient loading, the total strain is held constant, allowing the elastic strain,     ε   e    , to convert to plastic strain,     ε   p    , over time. As a result, the rate of stress relaxation,     σ  ˙   , is controlled by the plastic strain rate,       ε   p    ˙   :


    σ  ˙  = E     ε   e      ˙  = −     E ε   p      ˙  ,  



(2)




where E is the Young’s modulus of the material. The rate of plastic strain accumulation relates to the dislocation mobility via the Orowan equation [14]:


      ε  ˙    p   =    1   M    b ρ v ,  



(3)




where   b   is the Burgers vector,   ρ   is the dislocation density, and   M   is the Taylor factor homogenizing the dislocation motion in different grain orientations. Equation (3) assumes a constant   ρ   and     σ   i     through the stress relaxation transient, so the dislocation velocity–stress exponent can be derived from the experimentally observed   σ − t   curve, where   t   stands for the time passed since the start of the strain holding period [17,19]. However, the plastic straining processes are often associated with dislocation accumulation and evolution, supposedly changing both   ρ   and     σ   i    . As reported in [17,21], the assumptions of constant   ρ   and     σ   i    , leading to an inaccurate estimation of the effect stress,   σ *  , have led to errors in the estimated stress components as large as 100% [21].



In this work, we introduce an indentation-based stress relaxation methodology, whose data interpretation does not require the assumption of a fixed dislocation density. Instead,   ρ   and     σ   i     are interdependent, based on their scaling relationship. For simplification and coherence with our selected model alloy system, aluminum, we employ the Orowan hardening model for this relationship [16,22]:


    σ   i   = α M b G  ρ  ,  



(4)




where   α   is the dislocation interaction constant and   G   is the elastic shear modulus. We also consider that the rate of dislocation accumulation correlates to plastic straining:


    ρ  ˙    =    M   b       1   Λ        ε   p    ˙  ,  



(5)




where   Λ   is the mean free path (MFP) of dislocations and approximates to 1/   ρ   , with the absence of precipitates or grain boundaries, such as in pure metals under the nanoindentation condition. The above equations lead to the following:


    σ  ˙    = −    E b   M         σ   i   2         α M b G     2      B     σ −   σ   i       m   ,  



(6)






      σ  ˙    i   =    α M G   2 b         σ   i   2         α M b G     2        B     σ −   σ   i       m   ,  



(7)







Defining the applied stress at the beginning of the stress relaxation process to be     σ   0    , the evolutions of   σ   and     σ   i     can be described by the dimensionless parameters     σ   +     and     σ   i   +    :


  σ =   σ   +     σ   0   ,  



(8)






    σ   i   =   σ   i   +     σ   0   ,  



(9)




    σ   +     and     σ   i   +     have initial values of 1 and 0, respectively, and they decrease and increase, respectively, until     σ   +   =   σ   i   +    . Thus, Equation (6) can be written in the following form:


    σ  ˙    = −    B E b   M     α M b G     2        σ   0   m + 2       (   σ   i   +   )   2       σ   +   −   σ   i   +       m   ,  



(10)







In Equation (10),     σ  ˙   , is kept dimensional to be consistent with the experimental measurement in this work. The stress relaxation rate scales with the initial stress via the following:


    σ  ˙  ~   σ   0   m + 2   ,  



(11)







The stress gradient forms underneath the Berkovich indenter, during the nanoindentation. The deeper a point is from the contact surface, the lower the stress that point experiences. Via Equations (1) and (3), the kinetics of stress relaxation depend on the local stress and thus on the depth from the contact surface. The stress relaxation process is faster at a shallower point, closer to the contact surface, than at a deeper point, which is further away. We assign     d   e f f     and     σ   e f f     as the effective depth and stress of the region, respectively, where stress relaxation primarily occurs at the beginning of the indenter-holding phase. Then,     σ   e f f     scales inversely with the time elapsed during the indenter loading,     t   l o a d    , as     d   e f f     increases with     t   l o a d    , during which time the stress relaxation has already taken place in the shallower region where the kinetics are faster. Defining the indenter pre-loading rate to be     h  ˙    (    h  ˙  ~ 1 /   t   l o a d    ), the scaling relationship between     σ   e f f     and     h  ˙    can be derived based on the theorems of dislocation similitude in [13]:


    σ   e f f   ~   t   l o a d   ( −    1   m + 1    )   ~     h  ˙    (    1   m + 1    )   ,  



(12)




where the indenter loading rate     h  ˙    is inversely proportional to     t   l o a d    . Recognizing that this     σ   e f f     is the initial stress     σ   0     during the stress relaxation in Equation (10), we obtain the scaling relationship between the simultaneous stress relaxation rate,     σ  ˙   , and the indenter displacement rate before the relaxation,     h  ˙   :


    σ  ˙  ~   σ   e f f   m + 2   ~     h  ˙    (    m + 2   m + 1    )   ,  



(13)







With this scaling relationship, we designed and performed the following experiments with varying     h  ˙    and derived the dislocation velocity–stress exponent   m   using the obtained     σ  ˙  ~   h  ˙    relationship. We further employed crystal plasticity (CP) simulations to illustrate the abovementioned temporal and spatial behavior of nanoindentation stress relaxation. The CP simulations showed the depth dependence of stress relaxation kinetics on     h  ˙   , which underpins Equation (13).




2. Materials and Methods


Commercial pure aluminum (99.9% purity) was used in this study. A specimen of 10   ×   8   ×   6 mm3 was mechanically ground with silicon carbide sandpapers of 600, 800, and 1200 grits, polished with 0.1   μ m   alumina suspensions, and vibratory polished with 0.05   μ m   alumina suspensions. This creates a mirror-like flat surface with minimal residual stress for nanoindentation experiments.



We used instrumented nanoindentation (FT-NMT04, FemtoTool, Buchs, Zwitserland) with a diamond Berkovich tip to perform the stress relaxation testing at room temperature. The indentation was first loaded in displacement-controlled mode with various displacement rates of 100, 400, and 800 nm/s. As soon as the maximum depth of 800 nm was reached, the tip was held at this depth for 60 s, during which the applied load was monitored. For each displacement rate, the dataset comprising 10 indents was analyzed to provide statistical reliability. The interspacing of the indents was greater than 20   μ m  .



Crystal plasticity finite element method simulations of the stress relaxation process were performed using Idaho National Laboratory’s Multiphysics Object-Oriented Simulation Environment (MOOSE 2.0) software [23]. MOOSE uses a continuous update system, with revision history tracked by git. These simulations used the version of MOOSE current in 02_2023. The Kalidindi model was adopted as reported in [24]. The model parameters are provided in Table 1.



The simulation used a Berkovich tip with semi-angle of 65.27°, an effective cone angle of 70.3°, and a roundness of 20 nm [25]. The tip was inserted in the <001> direction of the face center cubic crystal, simulating aluminum. The displacement control was conducted in the CPFE simulation with various loading rates of 100, 800, and 1600 nm/s. The tip was held at a depth of 400 nm for 15 s to simulate the stress relaxation process. As shown later, a holding time of 15 s is sufficient for the stress relaxation of interest to fully take place. The indentation depth was reduced to 400 nm from the experimental value of 800 nm due to the limitation of computational power. Similarly, only one indentation orientation of <001> was selected to represent the general cases. However, such modification and simplifications should not qualitatively change the relationship between the stress relaxation process and the pre-loading rate, which is the key to the computational investigation in this work.




3. Results


Figure 1a presents examples of the experimental stress relaxation data following different initial loading rates. In all the cases, the stress-reduction rate is rapid at the beginning and gradually slows down towards the end of stress relaxation. The transition from the rapid/transient relaxation to the slower phase can be seen in Figure 1b, zooming into the initial relaxation period in Figure 1a. The slope of the initial stress relaxation correlates to the pre-loading rate, as expected from the above scaling analysis.



The evolution of stress with time can be described by the sum of multiple exponential terms:


  σ ( t ) =   ∆ σ   1     e     −   X   1     t   1       +   ∆ σ   2     e     −   X   2     t   2       + ⋯ +   ∆ σ   n       e     −   X   n     t   n        ⁡  +     σ   s a t   ,  



(14)




where   n    = 1, 2, 3, … indicates different rate components of stress relaxation, due to different relaxation mechanisms and various microstructures [26,27].     ∆ σ   n     is the stress drop relative to initial stress, and     X   n     is a stress decay constant with an inverse time unit. The stress relaxation data in this study fit to a double exponent expression, Equation (15). The fitting parameters are presented in Table 2.


  σ   t   =   ∆ σ   1     e     −   X   1     t   1       +   ∆ σ   2     e     −   X   2     t   2       +   σ   s a t   ,  



(15)







    ∆ σ   1     and     X   1     correspond to the rapid/transient relaxation within the first ~0.1 s, shown in Figure 1b, whereas     ∆ σ   2     and     X   2     correspond to the following slower relaxation process. The kinetics of the rapid/transient relaxation are strongly dependent on the pre-loading rate, whereas the kinetics during the slow relaxation are less so. The loading-rate dependency of the initial stress relaxation agrees with the above theoretical analysis of Equation (13). That is, a higher pre-loading rate leads to a higher effective stress, causing more rapid kinetics of stress relaxation. On the other hand, the secondary relaxation, characterized by     ∆ σ   2     and     X   2    , is believed to be due to the dynamics equilibrium process as dislocation generation is balanced by annihilation.



Therefore, the rate of stress change due to dislocation accumulation at the beginning of the stress relaxation can be estimated by the product of     ∆ σ   1     and     X   1     (i.e.,     σ  ˙  =   ∆ σ   1   ×       X   1    ). Equation (13), indicates that the stress-changing rate and pre-loading rate have an exponential relationship:


    ln  ⁡        σ  ˙      ~    m + 2   m + 1      ln  ⁡      h  ˙      ,  



(16)







The     ln  ⁡      σ  ˙      − l n ⁡ (   h  ˙  )   relation is shown in Figure 2; the slope was fitted to be 1.3 ± 0.3 within 95% confidence bounds. Therefore, the dislocation velocity—exponent   m  —is derived to be 2.5 ± 0.5, according to Equation (16).




4. Discussion


4.1. Data Validation


This value of   m   indicates that the dislocation velocity is governed by both the thermal activation of dislocation climb and its velocity, dominated by the MFP of a free dislocation. The former depends on the diffusion coefficient and the latter on stress [28]. Considering that vacancies are mobile in aluminum at room temperature [29], and that the dislocation MFP will be limited by the high-density dislocation network formed under indentation [8], our derived value of   m   of 2.5 ± 0.5 appears reasonable.



Furthermore, based on Equations (3) and (4), one can derive the strain rate–stress exponent,   n  , of the plastic strain rate,       ε  ˙    p    , as equal to   m + 2  . That result is because the dislocation density,   ρ  , and velocity,   v  , in Equation (3) have stress exponents of 2 and   m  , respectively [30]. Therefore, the strain rate–stress exponent can be derived using the reported nanoindentation stress relaxation method. In the room-temperature aluminum, we found the strain rate–stress exponent, n, to be 4.5 ± 0.5, which agrees with that derived from macroscopic creep testing, i.e., between 4 and 5 [10,31].



It is noteworthy that the strain rate–stress exponent determined by this new method aligns well with the values obtained from bulk creep testing. In contrast, the strain rate exponent derived from nanoindentation creep tests does not show this consistency. According to [10], nanoindentation creep tests are influenced by potential changes in dislocation density during deformation, as well as by significant gradients in stress, strain, and strain rate beneath the indentation. The proposed method, however, inherently accounts for these variables through the scaling relationships outlined in Equations (10)–(13).




4.2. Hypothesis Verification


As presented in the Introduction, the theory behind this reported method relies on a hypothesis that, immediately following the indentation loading, spontaneous stress relaxation occurs at a shallower region, with respect to the indenter tip, as the pre-loading displacement rate increases. In the following section, we discuss how this hypothesis is verified using both the experimentally derived dislocation activation volume, as a function of the pre-loading rate, and CP simulations to spatially resolve the stress relaxation process.



Activation volume (  V  ) represents the volume of a dislocation involved in the rate process. It is fundamentally defined based on the dislocation length (  l  ), Burgers vector (  b  ), and its MFP (  ∆ x  ) [32], as


  V = l b ∆ x ,  



(17)




The activation volume under transient relaxation can be related to the stress drop over time [33]:


  ∆ σ = −    k T   V    l n ( 1 + A t ) ,  



(18)




where   ∆ σ   is the stress drop,   k   is a Boltzmann constant, T is temperature,   A   is a time constant, and t is time. By fitting the stress relaxation curves in Figure 1 to Equation (18), we obtain the dislocation activation volumes under various pre-loading rates, as shown in Figure 3. Under a higher displacement rate, the smaller activation volume implies a smaller dislocation MFP. This reduction in the MFP is because the dislocation relaxation occurs at a shallower region where the dislocation density is higher. The uncertainties of the activation volumes are believed to have two sources. Firstly, the noise from the instrument becomes more significant at a lower pre-loading rate as the stress relaxation becomes less significant (Figure 1). Secondly, for each pre-loading rate, indentations are performed on multiple grains with different grain orientations, varying the dislocation network density underneath the indenter, as reported in [8].



Figure 4 shows the snapshots of the CP simulations taken at 0, 1, and 15 s, following the pre-loading in Figure 4a, Figure 4b, and Figure 4c, respectively. The von Misses stress distributions in samples with pre-loading rates of 100 and 800 nm/s are shown in the left and right panels, respectively. As shown in Figure 4a, the higher initial stress in the faster-loaded sample, on the right, indicates that less stress relaxation had happened during the loading period, supporting the abovementioned hypothesis. During the first second, the stress relaxation is more significant in the faster-loaded sample, agreeing with the trend observed in Figure 1 and the     ∆ σ   1     and     X   1     values in Table 1. At 15 s, similar stress states are reached between the two samples, agreeing with the fact that the steady-state relaxation is less sensitive to the pre-loading rate, as shown by     ∆ σ   2     and     X   2     in Table 1.



The CP stress relaxation simulation results were further analyzed to show the spatial distribution of the spontaneous dislocation accumulation following different pre-loading rates. In the Kalidindi model [24], the slip resistance,     R   S    , is employed to characterize the dislocation density, as rationalized by Equation (4). In Figure 5, the changes in     R   S     within the first 0.002 s of stress relaxation were probed at different depths from the indenter tip, following the pre-loading at 100, 800, and 1600 nm/s. When normalized for comparison, the data show that the dislocation accumulation rate peaks at a shallower position at a greater pre-loading displacement rate. This result, agreeing with the experimental observation in Figure 3, supports our hypothesis that the effective depth of dislocation accumulation during the stress relaxation decreases with an increasing indentation pre-loading rate.




4.3. Limitations


The limitations of the data interpretation method for nanoindentation stress relaxation arise from the applicability of the underlying scaling relationships and the constraints of instrumented nanoindentation. The scaling analysis assumes that dislocation mobility is proportional to the network density via the MPF, as described in Equations (3)–(5). However, this relationship does not apply to the dislocation-glide regime, where the high stress enhances the dislocation MPF beyond the limits set by network density.



Moreover, the range of the pre-loading rates for stress relaxation tests is constrained by the instrument’s capabilities. If the pre-loading rate is too high, the rapid initial stress relaxation may exceed the system’s dynamic response capability. Conversely, if the pre-loading rate is too low, the stress relaxation is so subtle that noise can overshadow the signal.





5. Conclusions


The stress relaxation process under nanoindentation is complicated due to the strong stress and strain gradients. For room-temperature aluminum, at least two mechanisms contribute to stress relaxation, as indicated by the two distinctive characteristic frequencies in Table 2. The more rapid stress relaxation transient, happening right after the indenter is held in position, is attributed to the dislocation accumulation and associated with an increase in internal stress and decrease in effective stress. As a result, the conventional assumptions of constant internal stress or constant dislocation density do not apply to interpreting the nanoindentation stress relaxation data. We verified that the effective depth of dislocation accumulation during the stress relaxation decreases with an increasing indentation pre-loading rate, which is a consequence of the similitude in dislocation kinetics [13]. As a result, the scaling relationship between the stress relaxation kinetics and the indentation pre-loading rate can be utilized to obtain the dislocation velocity–stress exponent,   m  , from a set of nanoindentation stress relaxation experiments with various pre-loading rates. This new method found   m = 2.5 ± 0.5  , leading to a strain rate–stress exponent   n = 4.5 ± 0.5   for pure aluminum at room temperature. Such consistency with the strain rate–stress exponent determined by the bulk creep experiment has not been achieved by other nanoindentation-based methods and is attributed to the scaling analysis in data interpretation.
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Figure 1. Nanoindentation stress relaxation curves following pre-loading at various displacement rates (a) and the initial transient relaxation within the first second (b). 
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Figure 2. Correlation between transient stress-changing rate due to dislocation accumulation and pre-loading rate. 
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Figure 3. Activation volume of transient stress relaxation as a function of indentation pre-loading rate. 






Figure 3. Activation volume of transient stress relaxation as a function of indentation pre-loading rate.



[image: Crystals 14 00680 g003]







[image: Crystals 14 00680 g004] 





Figure 4. Comparison between von Misses stress distributions of samples pre-loaded at 100 (left) and 800 nm/s (right) after 0, 1, and 15 s following indentation loading in (a), (b), and (c), respectively. 
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Figure 5. Normalized spontaneous slip resistance changes as a function of depth from indenter tip following indenter pre-loading at 100, 800, and 1600 nm/s loading rates. 
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Table 1. Parameterization for aluminum CP model.
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	       γ  ˙    0     
	Reference Slip Rate
	0.001 s−1



	     h   0     
	Hardening Constants
	75   M P a  



	     g   0     
	Initial Slip Resistance
	31   M P a  



	     g   s a t     
	Saturated Slip Resistance
	63   M P a  



	   x m   
	Strain Rate Sensitivity
	0.333



	   q   
	Latent Hardening Constant
	1.4



	   a   
	Hardening Exponent
	2.25



	     C   11     
	Elasticity Tensor
	107   M P a  



	     C   12     
	Elasticity Tensor
	61   M P a  



	     C   44     
	Elasticity Tensor
	28   M P a  










 





Table 2. Fitting parameters of double exponent at various loading rates.






Table 2. Fitting parameters of double exponent at various loading rates.





	Pre-Loading Rate (nm/s)
	800
	400
	100





	    ∆ σ   1     (MPa)
	61 ± 2
	44 ± 4
	23 ± 1



	    X   1     (/s)
	3.2 ± 0.4
	1.9 ± 0.5
	0.67 ± 0.01



	    ∆ σ   2     (MPa)
	150 ± 10
	163 ± 7
	154 ± 6



	    X   2     (/s)
	0.037 ± 0.01
	0.027 ± 0.004
	0.018 ± 0.004



	    σ   s a t     (MPa)
	300 ± 22
	340 ± 20
	363 ± 3
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