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ABSTRACT 

Nanoindentation (nanometer scale, extremely small) and impact (microsecond scale, extremely 

fast) experiments are two important techniques for characterizing modern material systems. 

However, these two experiments were often studied individually. In this pilot study, a multiscale 

indentation mechanics approach is proposed to correlate these two very different mechanics events 

acting on the same target materials using a spherical indenter and a projectile. The contact stiffness 

of nanoindentation of a target material is fitted using Hertz’s contact law, and then the contact 

stiffness of impact is obtained using a simplified multiscale relation. Therefore, the maximum 

impact force of a projectile impact can be predicted by inputting the impact energy and the contact 

stiffness of impact. The above new approach was validated by drop-weight impact experiments of 

polymers and structural composite materials subjected to low-energy impact. Results show that 

only a few minutes are needed to predict the maximum impact force.  

Keywords: Composite materials, Indentation mechanics, low-energy Impact, Nanoindentation. 

1. INTRODUCTION 

In recent years, composite materials, especially polymeric matrix composites, have been 

extensively used in aircraft, cars, ships, and wind turbine blades [1]. While these materials have 

many attractive features, they have a major shortcoming, that is, it has a low impact resistance 

along the thickness direction [2-15]. Therefore, the low-speed impact response of composite 

materials is a long-term research topic. In out-of-plane impact experiments of composite materials, 

a spherical impactor is used; therefore, researchers employed Hertz’s contact law to characterize 

the low-speed impact response if no penetration occurred [16-18]. The low-speed impact event is 

also viewed as “dynamic indentation” [19]. As shown in Figure 1 and the included video, one of 

the authors conducted low-speed impact on a model composite specimen using dynamic 
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photoelasticity and ultra-high-speed photography. The video consists of a set of high-speed photos 

(https://www.youtube.com/watch?v=Fc5Uk1rMp_0). After a spherical impactor contacted the 

model matrix layer (the transparent polymer Homalite) of the specimen [20], the first event was 

stress wave propagation, and the second event was elastic dynamic indentation, which is the major 

research focus of this study. The third event was a complicated damage process, but it will be our 

future research as this paper only reports a pilot study. The black area in Figure 1 was the result of 

large out-of-plane deformation due to damage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

On the other hand, nanoindentation is an efficient technique for measuring the mechanical 

properties of materials and devices at small length scales [21-31]. Indeed, the mechanics 

foundation of nanoindentation is still Hertz’s contact law, which connects the indentation force 

and deformation. Previous research has shown that the classical Hertz’s contact law is applicable 

to both small time-scale impact (microseconds) and small length-scale nanoindentation 

(nanometers), as reported by two major books on composite impact and nanoindentation [18, 32]. 

Therefore, we attempt to find the correlation between these two very different events using the 

multiscale indentation mechanics theory and conduct both impact and nanoindentation 

experiments for the same material systems to support our findings. First, we conducted 

Homalite  

(matrix) 

Steel (fiber)  

Field of view 

V=44 m/s 

Figure 1. Impact on a model composite 

specimen (steel fiber, Homalite matrix) and 

a slow video based on high-speed 

photography.  

https://www.youtube.com/watch?v=Fc5Uk1rMp_0
https://www.youtube.com/embed/Fc5Uk1rMp_0?feature=oembed
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nanoindentation experiments on one polymer and two polymeric matrix composites. Second, we 

predicted the maximum impact force of the same material systems using multiscale indentation 

mechanics. Third, we performed low-speed impact experiments of the same material systems used 

in the nanoindentation experiments to validate the impact force prediction.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Static (nanoindentation) and dynamic indentation (low-energy impact) along the Z (or 

3) direction of a composite laminate (left), and a typical indentation force and depth curve (right). 

  

2. THEORETICAL BACKGROUND 

2.1 Indentation mechanics for isotropic materials and orthotropic composite materials 

As shown in Figure 2, the indentation load P of a spherical indenter is a function of the elastic 

indentation depth h and the indenter radius R  based on Hertz’s contact law [32]:  

 

𝑃 =
4

3
√𝑅 𝐸𝑟
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3

2 =  𝐶𝐼𝐷 ℎ
3

2, 

where CID is the contact stiffness of nanoindentation, the reduced modulus Er is determined by the 

Young’s modulus E and Poisson’s ratio v of the isotropic and homogenous target and indenter 

materials, and the subscript i refers to the indenter: 
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For orthotropic fibrous composite laminates, as shown in Figure 2, a material coordinate system 

1–2–3 is often employed. Here, 1 (or x) refers to the major fiber direction, 2 (or y) refers to the 

transverse in-plane direction, or the minor fiber direction (less fibers compared to those in the 1-
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direction), and 3 (or z) refers to the thickness direction. Because the indenter is perpendicular to 

the composite laminate, the measured Young’s modulus is the through-thickness Young’s modulus 

E3. Based on the classical work of Willis [33] and Yang and Sun [2], Hertz’s contact law is 

applicable to static and dynamic indentation without penetration (low-energy impact) of 

orthotropic composite materials/laminates. Recently, Xu et al. [34] employed an approximate 

expression of the reduced modulus as a function of E3 because no sophisticated models are 

available for the current composite indentation experiments:          

                                                          
1

𝐸𝑟
≈

1−𝑣𝑖
2

𝐸𝑖
+

1

𝐸3
.                                                             (3) 

The approximate expression was validated by spherical nanoindentation experiments to measure 

the through-thickness Young’s modulus of a glass fiber composite material (E-glass fiber/vinyl 

ester), and the measured modulus was consistent with the previously reported value of a similar 

material system. To measure the elastic constants, nanoindentation tests should be conducted 

within the elastic range, so the maximum indentation depth should be small, and the 

loading/unloading curves should be very close. Figure 3 shows a typical elastic nanoindentation 

loading/unloading curves of a CFRP composite specimen.  
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Figure 3. Typical elastic nanoindentation loading/unloading curves of  a CFRP composite  

2.2 Maximum impact force as a function of contact stiffness and impact energy  

During a projectile impact process without penetration, the maximum impact load, Pmax, is 

achieved at the zero relative speeds of the projectile and target. Andrews et al. [35] applied 

Newton’s second law and contact mechanics principles on a moving sharp indenter. We employed 

the results of Abrate [18] on a moving spherical indenter and found that the maximum impact force 

was determined by the impact energy of the projectile W and the contact stiffness of impact CIP 

between the projectile and the target:  

 𝑃𝑚𝑎𝑥 = 𝜆 √𝑊3𝐶IP
25

 , (4) 

where   is a constant (not a fitting parameter) that is independent of the boundary and support 

conditions (  =1.73 for a spherical indenter or a spherical projectile), and IPC  is calculated based 

on Hertz’s law: 
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 𝐶IP =
4

3
√𝑅IP 𝐸𝑟

𝐼𝑃, (5)                                   

where IPR  refers to the radius of the projectile with a spherical head. 

2.3 Multiscale indentation mechanics of two different techniques for the same material 

Based on Equations (1) and (5), the contact stiffness of impact C
IP

 can be obtained from the contact 

stiffness of nanoindentation C
ID

 for the same target material system:  

𝐶𝐼𝑃 = 𝐶𝐼𝐷 √𝑅𝐼𝑃/𝑅𝐼𝐷 [𝐸𝑟
𝐼𝑃/𝐸𝑟

𝐼𝐷], 
 

where 𝐸𝑟
𝐼𝐷and 𝐸𝑟

𝐼𝑃 are the reduced moduli of indentation and impact, respectively. Generally, the 

Young’s moduli of common hard polymers such as poly(methyl methacrylate) (PMMA) and 

common composite matrices such as epoxy are less than 5 GPa. Moreover, the through-thickness 

moduli of common polymeric matrix composite systems are mainly controlled by their matrices 

[1], and thus their values are usually less than 20 GPa. In most nanoindentation experiments, the 

Young’s modulus of a diamond nanoindenter is at least 1,000 GPa, while in a steel projectile 

impact test, the Young’s modulus of steel is 200 GPa. Hence, we can obtain some simplified 

relations between two reduced moduli for the same target material, as expressed in Equation (6). 

Furthermore, the two contact stiffness values were found to have a simple relation:  𝐶𝐼𝑃 ≈

0.95 𝐶𝐼𝐷 √𝑅𝐼𝑃/𝑅𝐼𝐷 for glass and carbon fiber/vinyl ester composite laminates. For PMMA, 𝐶𝐼𝑃 ≈

0.98 𝐶𝐼𝐷 √𝑅𝐼𝑃/𝑅𝐼𝐷  . Quinn et al. [36] conducted micro-indentation experiments at different 

loading rates for different materials, and found that there was a negligible effect on their Young’s 

moduli.  The two radii of the nanoindenter RID and the projectile RIP form a multiscale relation. 

Therefore, a multiscale indentation mechanics approach is proposed to connect the two different 

mechanics experiments, which consists of 

(6) 
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1) Obtaining the contact stiffness of nanoindentation C
ID

 by fitting Equation (1) and 

calculating the contact stiffness of impact C
IP

 using Equation (6).  

2) Predicting the maximum impact force using Equation (4) by inputting the impact energy 

level and the contact stiffness of impact.  

3) Validating the maximum impact force using drop-weight impact experiments. 

 

EXPERIMENTAL STUDIES 

3.1 Elastic nanoindentation experiments of polymer/polymeric matrix composites 

 

We conducted spherical nanoindentation experiments on square specimens of 10 mm × 10 mm × 

6.4 mm. The material systems were (1) PMMA, (2) two types of woven composite laminates for 

structural applications that were produced using vacuum-assisted resin transfer molding (VARTM) 

of (a) glass fiber reinforced vinyl ester (eight plies, fiber fraction Vf = 0.54), and (b) carbon fiber 

reinforced vinyl ester (same layout). As the first step, the contact stiffness of the target materials 

for nanoindentation was fitted using the measured nanoindentation load and displacement curves, 

as shown in Figure 3. It is important to note that Hertz’s contact law is only applicable to the elastic 

loading stage. If the indentation load is high, the unloading curve will lead to permanent 

deformation when the indentation load is reduced to zero. Therefore, we limited our indentation 

depth h to approximately several hundred nanometers to avoid permanent deformation. Additional 

elastic nanoindentation details were reported by Martinez and Xu [37] and Xu et al. [34]. Here, we 

summarize the complicated composite indentation experiments. To reduce the inhomogeneous 

feature of the composite modulus measurement, we recommend using a spherical indenter with a 

large radius (200 µm in our experiments). Nanoindentation experiments were conducted with a 

separation between two indents of 200 µm along the x and y directions in the central area of each 
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specimen. The maximum indentation depth was approximately 150 nm, which was measured by 

the nanoindenter. Our previous finite element analysis showed that the above indentation 

deformation was purely elastic [37]. As the average diameter of a glass or carbon fiber is 

approximately 10 µm, the edge length of a square composite representative volume element (RVE) 

based on a fiber volume of 54% was approximately 12.5 μm. The radius of our spherical 

nanoindenter was 200 μm (RID), and thus our results did not lead to significant material 

inhomogeneity. In addition, at the maximum indentation depth of 150 nm, the diameter of the 

indenter/specimen contact area (close to a circle owing to the current woven fabric properties) was 

16 µm (value calculated based on Fisher-Cripps [32]), which was sufficient to deform the RVE. 

Moreover, we indented at least 100 locations on each specimen, and at least three identical 

specimens were employed for each material system.  

 

3.2 Low-energy impact experiments on a hard polymer and polymeric matrix composites 

The impact event was introduced using an INSTRON drop-weight tester with a hemispherical steel 

projectile (RIP of 7.95 mm and weight of 3.1 kg). The sizes of all rectangular impact specimens 

were 102 mm (width) × 152 mm (length)  ×  6.4 mm (thickness) according to ASTM standard 

7136 for composite impact experiments [38]. The support and boundary conditions of the 

specimens were as follows: (1) four-edge clamped, or (2) four-edge free with back steel plates (see 

Figure 4). This impact fixture was fixed to a steel base inside the drop-weight tower. The impact 

energy levels of the steel projectile varied between 1, 2, 3, 4, and 5 J. Each impact occurred in the 

center of the specimen, and for each energy level, five identical specimens were employed. The 

impact force and energy as a function of time were recorded by the test machine. The impact 

experiments were conducted with low energy because (1) in this pilot study, ensuring elastic 
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deformation/no damage is critical for success, and (2) this energy level is related to accident drops 

of cell phones/tablets, while many protective cases are made of soft or hard polymers or fiber-

reinforced composite materials.  

4. RESULTS AND DISCUSSION 

We only required some minutes to predict the maximum impact force using Equation (4). Figure 

4 shows that our predictions were very close to the experimental data of PMMA plates, and the 

two types of boundary conditions yielded slightly different impact forces. The maximum impact 

force of the PMMA plate with free boundary conditions was always lower than that of the same 

PMMA plate with fixed boundary conditions because the first plate was easy to deform. Figure 5 

shows a similar trend for the two types of composite laminates with the same clamped boundary 

conditions. It is not surprising that the two types of composite materials had a very similar impact 

force under the same impact energy level because their through-thickness Young’s moduli were 

mainly controlled by their matrices (the same matrix in this study) according to the mechanics of 

composite materials [1]. Thus, the contact stiffness of impact of the two composite laminates was 

very close, and the maximum impact force values were almost the same according to Equation (4). 

Moreover, the contact stiffness of impact has a power of 2/5, and thus some difference in contact 

stiffness only leads to little change in the maximum impact force. 
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After visually examining the impacted specimen surface using the barely visible impact damage 

(BVID) concept, no damage was found in the three types of materials if the impact energy was 

less than 3 J. When the impact energy exceeded 3 J, small dents were observed. For the increased 
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Figure 5. Measured (points) and predicted (curve) maximum impact force as a function of 

impact energy for two types of composite material plates with four edges clamped.  
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impact energy (> 3 J), the predicted impact force was always higher than the measured one because 

the prediction was based on Hertz’s elastic contact law. Further, plasticity or damage was 

introduced if the impact energy was high enough. In fact, plasticity or damage reduces the 

maximum impact force as it is an energy dissipation mechanism. For example, if the impact energy 

level is high, matrix cracks and delamination occur [18, 39, 40]. Therefore, for a high-energy 

impact case (e.g., > 5 J), our efficient impact force approach will provide a conservative upper-

bound estimation to ensure structural or material safety because the measured impact force is 

always lower than the predicted force.  

 

Indeed, the proposed efficient approach highlights the local dynamic indentation effect and ignores 

the global bending/shear deformation during the impact process [18, 35]. This equivalent force 

approach is similar to the common mechanics of material approach to calculate the maximum 

impact stress of a slender beam subjected to a rigid projectile impact (one-point impact at the beam 

center). When the speeds of the projectile and the target become zero, the kinetic energy of the 

projectile is fully converted to the strain energy of the beam (potential energy), and a statically 

equivalent maximum force is obtained for the beam impact case [41]. The maximum impact stress 

of the beam can be calculated easily using classical beam theory and the equivalent maximum 

force. However, the local dynamic indentation, which is based on elasticity theory, is ignored in 

the mechanics of the material approach. Actually, these two simplified approaches are opposite 

and applicable to two extreme cases.  

 

We notice that the equivalent force approach has two requirements: (1) the target plate should be 

sufficiently thick so that the bending/shear deformation is small, and (2) the impact speed is not 
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high, or there is no penetration. For major aerospace composite applications, laminates are often 

very thick according to one co-author who works at the US Air Force Research Laboratory, and 

therefore their bending/shear deformation induced by a local projectile impact is small [38]. 

Moreover, the majority of studies on impact of aerospace composite laminates are low-energy 

impact cases; therefore, the proposed multiscale indentation mechanics principles will have 

suitable applications for different types of hard polymers and polymeric matrix composites.  

5. CONCLUSIONS 

A simplified multiscale indentation mechanics approach shows that spherical nanoindentation and 

low-energy impact using a spherical projectile are correlated by Hertz’s contact law. The above 

approach was validated by nanoindentation and drop-weight impact experiments of a hard polymer 

and two types of polymeric matrix composites subjected to low-energy impact. Only a few minutes 

are needed to predict the maximum impact force. Moreover, the proposed efficient impact force 

approach will provide a conservative upper-bound estimation to ensure structural safety. 
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