Practicum 01: Instrumentation and an Introduction to Nanoscale Measurement
Objective: Teach the fundamentals of measurement science and the NanoGuru™ instrumentation
Practicum 01 introduces the student to measurement science principles of resolution, noise, repeatability and
uncertainty through the NanoGuru™ instrument. These principles have broad applicability to the STEM fields and
encourage critical thinking about measured data. To accomplish this goal, and prepare the students to utilize the
NanoGuru™ for the future practicums, fundamental operation of the Hysitron, Inc. transducer (for measuring force and
displacement), scanner (force-feedback topography imaging), vibration isolation unit, XYZ stages (sample positioning),
controller, and calibration procedures are covered.
Main Concepts:
•
•
•
•

Electro-static nanoscale force actuation
Capacitance-based nanoscale displacement sensing
Hooke’s law and spring stiffness measurement
Quantification of measurement repeatability and noise floor

Student Learning Outcomes:
•
•
•
•

Perform instrument calibrations
Measure and record transducer spring stiffness values
Measure and record noise floor values
Utilize the scanner and transducer together as a force-feedback microscope for high resolution (20,000X) in-situ
Scanning Probe Microscopy

Prerequisites: The student should have read and answered the preliminary questions in the Practicum 01 handout,
which will familiarize them with basic instrumentation and measurement principles along with data processing and
curve fitting. The following background reading is also encouraged:
Background Reading:
1. NanoGuru™ Quick User Guide
2. Stanford Encyclopedia of Philosophy, “Measurement in Science“.
Available at http://plato.stanford.edu/entries/measurement-science/
3. Measurements and their Uncertainties: A practical guide to modern error analysis, I. Hughes, T. Hase, Oxford
University Press, Oxford 2010.
4. Instrumentation for Engineers and Scientists, Chp. 1, Chp. 3.4, Chp. 11.2-11.3 by John Turner and Martyn Hill,
Oxford University Press.
Laboratory Overview:
The air indent is an essential calibration, where, as implied, the transducer is actuated in air. The air indent allows
calculation and compensation for the spring stiffness in the transducer which can be determined by fitting of the linear
slope of the force vs. displacement curve. Through iteration of this procedure, the repeatability of this calibration can
be determined. Noise is defined as unwelcome energy (mechanical or electromagnetic) that reduces the quality of
data signals. A zero-force air test is performed to calculate the noise floor. The resulting force and displacement scatter
bands can be analyzed by a Fast Fourier Transformation.
After the calibration, the tip can be engaged to the sample surface and topography of the sample surface can be imaged.

Practicum 02: Basics of Instrumented Indentation
Objective: The students will learn to measure hardness and modulus in a diverse set of materials
In this practicum, students will gain experience with the NanoGuru™ and begin to connect submicron structure with
material properties by performing nanoindentation on several different samples. The three samples, fused quartz,
aluminum and polycarbonate, have diverse atomic structures and bonding, which will be reflected in the properties
determined by indentation.
Main Concepts:
•
•
•
•
•

Structure – Property correlation
Elasticity, hardness
Traditional macro and micro level testing (Vickers, Rockwell, Brinell)
Depth sensing technique, contact mechanics (Hertz)
Relationships between stiffness and modulus and between hardness and yield strength

Student Learning Outcomes:
•
•
•
•
•
•
•

Ability to perform nanoindentation tests
Begin to develop a nanoindentation and material property vocabulary
Calculate tip area as a function of depth through calibration
Analysis of hardness and modulus
Correlate macroscale properties to nanoscale structure
Observe changes in material responses based on variations in the load profiles
Obtain a practical appreciation for material properties such as elasticity, hardness and modulus

Prerequisites: The student should have read and answered the preliminary questions in the Practicum 01 handout.
They should be familiar with crystal structure, unit cells and atomic bonding.
Background Reading:
1. Completion of Hysitron Practicum 01 or concurrent course in introductory Materials Science.
2. William D. Callister, David G. Rethwisch, Materials Science and Engineering: An Introduction (9th Edition),
Chapter 6 (This Chapter, Mechanical Properties of Metals, covers stress versus strain, elastic properties. elastic
recovery after plastic deformation and hardness.)
3. A.C. Fischer-Cripps, Nanoindentation (3rd edition), Sections 1.1,1.2.
Laboratory Overview:
Basic quasi-static indents on polycarbonate will be performed to calculate the reduced elastic modulus and hardness
of the sample. The reduced modulus is determined from the stiffness of the load-displacement curves while the
hardness is determined using the ratio of peak load to indent area. Partial unload indents will be completed on fused
quartz and aluminum so that students can calculate a tip area function, the contact area versus indentation depth,
which is used to calculate the hardness. Each application provides an illustration of Hertz contact mechanics and
depth sensing indentation while introducing the students to the most essential material properties that are determined
from nanoindentation. The differences the determined properties between the samples can then be described in
the context of differences in the atomic scale structure and bonding character, which is typically utilized in Materials
Science teaching as the first example of a structure-property relationship.

Practicum 03: Elastic Anisotropy and Defect Mechanisms
Objective: Understanding the relationships between crystal structure and mechanical properties.
Students will learn about atomic structure using single crystal specimens which ideally have a perfectly repeating
atomic arrangement. It will then be shown how deviation from the perfect structure through defects called dislocations
will determine how plasticity, or irreversible shape change, occurs. The concept of dislocation plasticity and how the
density of dislocations dictates the plastic flow will be demonstrated by doing indentation and in-situ SPM imaging on
annealed and work hardened copper.
Main Concepts:
• Atomic Structure – Directional packing density, elastic anisotropy
• Crystal Defects – Dislocations
• Dislocation density
Student Learning Outcomes:
•
•
•
•

Understanding of how permanent macroscopic shape change is achieved in crystalline materials
First-hand experience in the effects of processing (work-hardened vs. annealed) on properties
Indentation pile-up and sink-in corrections
Application of SPM imaging to measure material deformation characteristics

Prerequisites: The student should be familiar with the concepts of crystal structure, point and line defects (such as
the Atomic Structure chapter in a Materials Science textbook).
The student should have a working knowledge of operation of the NanoGuru™ system, and be able to run
nanoindentation tests.
Background Reading:
1. “Identifying slip systems around indentations in FCC metals” K.A. Nibur, D.F. Bahr, Scripta Materialia, 49 (11)
2003, p1055.
2. “Elastic loading and elastoplastic unloading from nanometer level indentations for modulus determinations”
W. W. Gerberich, W. Yu, D. Kramer, A. Strojny, D. Bahr, E. Lilleodden and J. Nelson, J. Mater. Res. 13 (2)
1998 p421.
3. “Mechanical properties and anisotropy in hydroxyapatite single crystals” B. Viswanath, R. Raghavan, U.
Ramamurty and N. Ravishankar, Scripta Materialia, 57 2007 p361.
4. “Indentation Schmid factor and orientation dependence of nanoindentation pop-in behavior of NiAl single
crystals” T.L. Li, Y.F. Gao, H. Bei, E.P. George J. of the Mech. and Physics of Solids 59 2011 P1147.
Laboratory Overview:
Starting with elementary crystal structures, students are exposed to variation in elastic properties due to the crystal
structure within a two body energy-distance solution. This can then be practically compared to homogenous materials,
such as the single crystal silicon and large-grains copper samples. Both of these materials show large elastic anisotropy.
Crystal structures primarily deform by dislocations, a line defect, for which the energy is also determined by the atomic
bonding and spacing. The lowest energy configuration of the dislocation typically lies along the direction with the
lowest energy to break bonds. This is easily seen in the dislocation lines that intersect the surface of the large grain
copper sample. The crystal structure of this sample is face centered cubic, which has 12 slip systems, along the {111}
plane in the <110> direction. The intersection of this slip family with the surface is indicative of the crystal face on
the sample surface. The generation of dislocations is due to the large strains present underneath the indenter, which
generates both geometrically necessary dislocations and a plastic zone. The energy state of the system is reduced as
the dislocations form steps on the surface of the sample.

Practicum 04: Microstructure and Mechanical Properties
Objective: Explore property variations of phases in a steel alloy.
With the knowledge of dislocations and their role in forming macroscopic shape change, the trade-off between strength
and ductility can be introduced through ease of dislocation motion. This leads naturally to the concept of microstructure
control of dislocation motion for property engineering. A classic example of this is a two phase steel composed of a soft
ferrite phase and a hard pearlite phase.
Main Concepts:
•
•
•
•

Trade-off between strength and ductility
Multi-phase microstructure
Alloy design to control properties
Application of structure-property relationships at the microscale

Student Learning Outcomes:
•
•
•
•

How to optically characterize and measure microstructural features
Measurement of property variations within a single material
Terminology for, and properties of, phases in steel microstructures
When combined with Practicum 3, understanding of how different length scales control different properties

Prerequisites: The students should be familiar with concepts of crystal structure and dislocations, along with an
introduction to the microstructure of steel and ability to operate the NanoGuru™.
Background Reading:
1. “Mechanisms of Strengthening in Metals” Callister (Sections 7.8 – 7.10).
2. “Structure/Property Relationships in Irons and Steels” Metals Handbook, ASM Int. (Note: The text is dry but
there are many nice micrographs).
3. Ray, K. K., and D. Mondal. “The effect of interlamellar spacing on strength of pearlite in annealed eutectoid and
hypoeutectoid plain carbon steels.” Acta metallurgica et materialia 39.10 (1991): 2201-2208.
Laboratory Overview:
Utilizing an acid-etched plain 1080 steel specimen (to give contrast between the two phases in the optical microscope),
the students will perform nanoindentation in both the ferrite and pearlite phases of the material. They will measure
the differences in properties between the two phases and relate it to their microstructure. From Practicum 03, the
students learned about dislocations, which are line defects in the crystal that are responsible for permanent shape
change. This was demonstrated by observations of slip steps in the nanoindentation pile-up. It is a logical extension
that dislocations cannot easily cross a barrier into a new crystal structure, and that the spacing of obstacles in the
microstructure will control the ability of the material to undergo plastic deformation. For an additional activity, typically
1080 steel has variable spacing in the lamellar pearlite structure, so the influence of pearlite spacing can be used to
demonstrate blocking of dislocation motion to increase hardness. For this, the students would need to perform two
correlated analyses: nanoindentation to mechanically characterize the hardness (the property) and relate it to optical
micrographs where they measure the pearlite spacing (the structure).

Practicum 05: Mechanical Properties of Thin Films
Objective: Understand the depth sensitivity of properties in a thin film coating on substrate system.
Surfaces and interfaces have very different bonding configurations from the bulk of the material which are reflected
in nanoindentation measurements. For the elastic modulus, the substrate effect gives depth-varying results well
before the indenter penetrates to the substrate due to the size of the induced stress field. The hardness will show an
asymptotic decrease with depth initially due to variations in bonding at the free surface, then increase again as part of
the substrate effect. These effects demonstrate the importance of considering the volume of material under load for
nanoindentation.
Main Concepts:
• Depth dependence of properties in a thin film
• Size and shape of the applied stress field in nanoindentation
• Indentation size effects and substrate effects
Student Learning Outcomes:
• Determining appropriate indentation depths for reliable property measurements
• An introduction to thin films and interfaces
• Development of their knowledge of contact mechanics to explain measured phenomena
Prerequisites: The students will need to understand the fundamentals of contact mechanics, which leads to the
size and shape of the applied stress field for indentation. They will also need the prior experience in operation of the
NanoGuru™ from the previous practicums.
Background Reading:
1. Fischer-Cripps “Nanoindentation” Chapter 13.1 Elastic indentation Stress Field.
2. Saha, Ranjana, and William D. Nix. “Effects of the substrate on the determination of thin film mechanical
properties by nanoindentation.” Acta Materialia 50.1 (2002): 23-38.
3. K.L. Johnson “Contact Mechanics” Chapter 6. Normal contact of inelastic solids.
Laboratory Overview:
Thin films are widely utilized for a variety of applications from functional films like device interconnects to protective
coatings such as diamond-like carbon for razor blades and other cutting tools. Nanoindentation is the preferred tool
for studying their properties, yet there are several depth sensitive variations in mechanical properties that materials
scientists must contend with. Utilizing a 1µm thick low-k dielectric film on a silicon substrate, the students will perform
several indentations of varying depth. The targeted depths, in film thickness percentage, should be 2.5, 5, 10, 20,
40, 60 and 80. The hardness and modulus as a function of depth will then be plotted and compared against literature
values for the film and substrate individually. From this, the students should identify the reliable depth ranges over
which modulus and hardness can be measured.

