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A B S T R A C T

High strain rate testing at micrometer length scale is crucial for understanding the fundamental deformation mechanisms and identifying potential changes asso
ciated with varying strain rates. However, the technique is not well established due to instrumental limitations and the lack of standardized experimental protocols. 
This hinders the investigation of deformation mechanisms of materials at high strain rates and limits its incorporation into computational models. This work focuses 
on the experimental considerations in designing constant strain rate (CSR) nanoindentation measurements up to 104 s− 1 strain rate. An extensive study was con
ducted on three materials – fused silica (FS), nanocrystalline nickel (nc Ni), single crystal nickel (sx Ni) – to validate the experimental approach, explore potential 
artefacts, study strain rate sensitivity of hardness, and understand the underlying deformation mechanisms at high strain rates. For all materials, the hardness 
increased with strain rate and the strain rate sensitivity remained constant. For sx Ni, the formation of sub-grain boundaries was found to be responsible for the 
observed increased strain rate sensitivity exponent. However, the results indicate no change in the deformation mechanisms across seven orders of strain rates from 
10− 2 s− 1 to 104 s− 1 in the tested materials.

1. Introduction

Nanoindentation has emerged as a versatile and widely used tech
nique for investigating mechanical properties at small length scales, 
ranging from nanometres to micrometres. Its relatively straightforward 
experimental implementation and minimal specimen preparation re
quirements make it well-suited for investigating all classes of materials. 
High spatial resolution, both laterally and in depth, makes it extremely 
useful for determining mechanical properties that cannot be otherwise 
resolved using bulk mechanical test methods. Traditionally, nano
indentation studies have focused heavily on investigating site-specific 
mechanical properties, such as hardness and elastic modulus [1,2], 
and have been limited to quasi-static strain rates (10− 5 to 10− 1 s− 1). 
However, there is tremendous scientific interest in extending it to high 
strain rates [3–7]. Such measurements will provide valuable insights 

into deformation mechanisms and enable studying potential mechanism 
transitions at high strain rates, that, to this date, remain poorly under
stood. Another key motivation for developing high strain rate testing at 
nano/micrometer length scales is to bridge the gap between experiments 
and atomistic or dislocation dynamics simulations, which typically use 
small volumes (nm3 to µm3) and ultrahigh strain rates (>105 s− 1). Such 
development will overcome the challenges of characterizing microscale 
features, such as thin films and individual phases in materials, that are 
otherwise difficult to test using established macroscale techniques like 
Split Hopkinson Pressure Bar tests [8,9] due to size constraints.

Previous efforts to extend nanoindentation to high strain rate regime 
have primarily relied on impact-based approaches [7,10–14], in which 
the indenter is rapidly accelerated towards the sample for a high rate 
loading event. In these tests, the change in kinetic energy of the 
indenter, before and after the impact, is used to calculate the impact 
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