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1. Introduction 

1.1 Background 

Hardness is a quantitative measure of a material’s resistance to plastic deformation 
or, in other words, penetration. Therefore, in general, high-strength brittle 
materials, which exhibit little to no plastic deformation, tend to possess higher 
hardness values than ductile materials, which tend to undergo yielding and exhibit 
plasticity under lower stress states. In the armor community, one of the only 
properties that has shown any semblance of a correlation to ballistic performance 
is hardness of the ceramic target,1–4 or, at a minimum, the difference in hardness 
between the target and the projectile. Because many modern body armors 
incorporate a ceramic plate, which are known to exhibit rate-sensitive behavior,5–13 
it is important to understand and consider the properties of the ceramic component 
as a function of the impact strain rate. 

The indentation hardness test is an important tool in any mechanical engineer or 
material scientist’s toolbox. The tests are relatively simple to conduct, further 
facilitated by the development of modern automated test machines, and have a wide 
variety of scales by which to quantify the material performance. However, 
acquiring the dynamic indentation response of materials is not as trivial a task.  
There have been approaches to acquiring dynamic hardness values using a variety 
of techniques, such as the rebound method14–16 or pendulum method17; however, 
these techniques rely on many assumptions and use the velocity of the impactor, 
rather than directly measuring the load, to determine the hardness. Therefore, their 
validity has been called into question.17,18 One of the more common techniques 
involves using an apparatus based upon the 1-D elastic wave propagation principles 
of a modified split-Hopkinson pressure bar (SHPB) with a momentum trap 
assembly.19,20 The original dynamic indentation hardness tester (DHT or DIHT), 
from which the US Army Combat Capabilities Development Command (CCDC) 
Army Research Laboratory (ARL) system is derived, was designed and patented in 
200221 and is presented in Fig. 1. This technique does not rely on the theoretical 
formulas in the rebound and pendulum methods, but rather directly measures the 
indentation load.  The size of the resulting indent is measured using a microscope 
and the hardness is calculated using the conventional equations. This type of system 
has been used to capture the high-rate indentation hardness value of a variety of 
materials.20,2–29 
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Fig. 1 Schematic of the original dynamic hardness tester 

1.2 Basic Operation of the Dynamic Indentation Hardness 
Tester 

The configuration of the DIHT apparatus is similar to the modified SHPB apparatus 
proposed for recovery compression testing of materials.19,30 The modification to the 
original SHPB setup is the addition of the momentum trap assembly, consisting of 
the flange, sleeve, and rigid mass, to the incident bar. In this instance, the apparatus 
is further modified by substituting the transmission bar with a high-frequency load 
cell to determine the indentation force. On the opposite end of the incident bar, an 
indenter tip is held into an aluminum collar that is attached to the incident bar via 
set screws, which is what creates the indentation in the specimen. The strain, as a 
function of time, within the incident bar is recorded by a strain gauge located at the 
midpoint along the bar length. The specimen is held to the load cell, which is 
mounted to an anvil with a thin layer of wax, while the indenter tip is placed just 
out of contact with the specimen surface. This load cell directly measures the load 
applied to the specimen by the indenter as a function of time, negating the need for 
a full SHPB-type design. The displacement of the end of the incident bar is 
measured using a displacement transducer, consisting of a steel strip with one end 
affixed to the frame of the hardness tester and the other resting on the end of the 
incident bar close to the indenter. As the indenter is driven into the specimen, the 
bending of the steel strip is recorded by a strain gauge mounted halfway along the 
length of the strip.  

To initiate a test event, a short striker bar is fired from a gas gun toward the incident 
bar. Upon impact, a compressive stress pulse is generated within the incident bar, 
which propagates toward the specimen at a rate equal to the longitudinal wave 
speed (Co) of the bar material. Because of the momentum trap assembly, a 
concurrent compressive stress pulse is generated in the flange-sleeve material, 
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which travels through the sleeve material toward the rigid mass. As the wave in the 
sleeve impacts the rigid mass, an equal amplitude wave reflection is generated (i.e., 
compression to compression) that travels back toward the flange. This wave is now 
reflecting off a free surface, so it reverses amplitude (i.e., compression to tension) 
and becomes a trailing (tensile) wave that “chases” the initial compressive wave 
generated in the incident bar. This results in the compressive wave first reaching 
the end of the incident bar and causing the indentation event to occur, where the 
load cell acquires the load signature in the specimen, before reflecting and 
travelling back along the incident bar as a tensile wave. The trailing tensile wave 
(from the momentum trap assembly) reaches the end of the incident bar and causes 
retraction of the bar away from the specimen. The continued traversal and reflection 
of these waves results in no further indentation events and continued retraction of 
the incident bar. (For further details of this phenomenon, the reader is referred to 
Nemat-Nasser et al.19) The specimen is then removed from the load cell, and the 
two diagonal lengths, d1 and d2, of the indent impression, as presented in Fig. 2, are 
measured on a microscope.  

 

Fig. 2 Schematic of the Vickers indent impression and the corresponding diagonal lengths, 
d1 and d2, that must be measured to perform the hardness calculation in Eq. 1 

The Vickers indentation hardness number can now be calculated using Eq. 1, where 
F is the indentation load in kilogram-force and d is the average indentation diagonal 
length in millimeters. The coefficient (1.8544) is a standard value based upon the 
geometry of the Vickers indentation tip. The Vickers hardness number is a 
dimensionless number. 

 𝐻𝐻𝐻𝐻 =  
1.8544 ∙ 𝐹𝐹

𝑑𝑑2
  (1) 

Hardness values are commonly presented with units of megapascals (or 
gigapascals) to facilitate comparison between materials. In this scenario, the 
indentation force is measured in newtons, resulting in units of newtons per square 
millimeter, or megapascals, which is the approach used in this study. If a different 
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indenter type were to be used, then the hardness equation for that specific indenter 
geometry would also need to be used. 

The dynamic indentation process can be very stochastic, especially in comparison 
to conventional quasi-static testing. For instance, most quasi-static test units can 
measure the hardness of a material at loads as low as 0.01 kgf or as high at 10 kgf.  
However, it is typically very difficult to achieve indentation loads below 1 kgf using 
the dynamic indentation unit due to the difficulty in achieving and maintaining the 
necessary pressure in the gas gun for these loads. Furthermore, the quasi-static tests 
are very controllable, and the loads are very repeatable. This is not the case for the 
dynamic test, where the gas gun pressure, distance between the striker and incident 
bars, and distance between the indenter tip and specimen can all have an influence 
on the indentation load.  This is further complicated when testing brittle materials, 
such as ceramics, where cracking and spallation of the indent commonly occur at 
higher (>2 kgf) loads. In a similar vein, overloading the indenter tip can prove to 
be problematic. Typical diamond indenters have only a short usable length of 
diamond available for penetration before the metallic mount material, used to hold 
the diamond in place in the mount, also begins to penetrate the material, distorting 
the shape of the resulting indentation. In softer materials, excessive penetration can 
be a common occurrence. An example of this issue in aluminum can be seen in 
Fig. 3. 

 

Fig. 3 Excessive penetration of a Vickers indenter tip into aluminum due to a high-load 
indent (60.5 N), causing distortion of the indent edges as a result of contact with the metallic 
holder for the diamond tip. The dotted outline indicates the expected indent geometry. 
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In harder materials, excessive penetration of the indenter tip can often cause 
damage or break the diamond tip. Lack of proper lubrication and contact between 
the components of the momentum trap assembly can also cause poor capture and 
reflections of the waves, which can result in multiple impact events to occur. An 
example of this issue can be seen in Fig. 4. 

 

Fig. 4 Multiple indentation events in one test on aluminum due to poor manipulation of the 
stress waves in the DIHT assembly 

The purpose of this study was to redesign the DIHT unit to improve the dynamic 
indentation process and overcome many of the aforementioned shortfalls with 
dynamic hardness testing. The new unit would subsequently require validation, 
hence a case study examination was performed whereby hardness values generated 
by this refurbished unit were compared to previously reported data on similar 
materials.20 Following successful validation, the plan was to employ this redesigned 
apparatus and methodology to a wide range of material systems for a variety of 
applications.   

2. Design of New DIHT Apparatus 

The overall goal of the redesigned DIHT apparatus is to improve the performance 
and repeatability of the instrument in light of the aforementioned issues with this 
technique. An overview of the new instrument design can be seen in  Fig. 5. The 
design of the new dynamic hardness tester revolves around four major design 
changes: 

1) New material (aluminum) for the striker and incident bars and the flange 
and sleeve. 
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2) Improved momentum trap assembly 

3) Reconfiguration of the indenter tip assembly and specimen 

4) Removal of extraneous components (steel strip) 

 

Fig. 5 Solid model design of the new dynamic indentation hardness tester 

2.1 New Bar Materials 

The first change is the use of aluminum (grade 7075-T6) bars and sleeve in place 
of the original maraging steel striker and incident bars, as well as the flange and 
sleeve. The diameter of the incident bar was also increased from 0.375 to 0.5 inches. 
The material changes do not significantly affect the wave speed in the bar  
(CAl ≈ CSteel), but they do decrease the impedance of the bar. These results are 
presented in Table 1. 

Table 1 Comparison of material properties influencing the physics of the original DIHT 
and the redesigned apparatus 

Material Density 
(kg/m3) 

Elastic 
modulus 

(GPa) 

Wavespeed 
(m/s) 

Diameter 
(mm) 

Impedance 
(Pa-s/m) 

Steel 8080 200 4975 9.525 2864 
Aluminum 2810 71.7 5051 12.7 1798 

 
The reduction in impedance allows for a more “sensitive” bar, meaning it will 
promote the ability to make smaller indentations via lower-amplitude incident 
pulses (i.e., lower-velocity striker bar impact). The reduced density of an aluminum 
bar also reduces the warpage (i.e., “sagging”) of the bar that can sometimes occur 
in an SHPB when not in operation.  
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2.2 Improved Momentum Trap 

The second aspect of the redesign is an improved momentum trap assembly. This 
redesign was accomplished in two steps. The first was the use of a threaded flange, 
facilitating the exchange of various diameter sleeves. The baseline flange and 
sleeve were also increased to 1 inch in diameter, significantly increasing the 
impedance ratio between the sleeve and incident bar. Originally, the impedance 
ratio between the sleeve and bar was 0.78; however, it has now been increased to 
3.0 (Table 2). This helps to ensure that the retraction wave pulses (i.e., “chasing” 
tensile wave pulses), now having a three times larger amplitude than the 
compressive wave pulses, appropriately move the incident bar away from the 
specimen following the initial indentation event, further reducing the occurrence of 
multiple indentation events. 

Table 2 Comparison of the original DIHT sleeve and redesigned sleeve 

Material Sleeve outer diameter 
(mm) 

Sleeve 
impedance 

Impedance ratio 
(sleeve/bar) 

Steel 12.7 2228 0.78 
Aluminum 25.4 5394 3.00 

 
The rigid mass has been increased in volume to dramatically increase its ability to 
act as a rigid surface and improve the functionality of the momentum trap assembly. 
However, the increased weight of the rigid mass would place undesired stress on 
the incident bar and its supports, and would eventually cause sagging of the 
aluminum incident bar over time. To prevent this, the rigid mass is fully supported 
on linear rollers, ensuring it only contacts the sleeve during operation and never 
contacts the incident bar. The momentum trap assembly design is shown in Fig. 6.  

 

Fig. 6 Detailed schematic of the momentum trap assembly, consisting of the flange, sleeve, 
and rigid mass 
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2.3 Configuration of Indenter Tip 

The third major design change is in the configuration and mounting of the indenter 
and specimen. The original design had the indenter tip attached to the incident bar, 
which was then driven into the stationary specimen during a test. The new design 
places the specimen on the incident bar and pushes the specimen into the indenter 
tip, which is in direct contact with the load cell. This configuration is shown in 
Fig. 7. 

 

Fig. 7 Larger view of the specimen holder and indenter alignment assembly 

The end of the incident bar is also threaded, allowing for different methods of 
attaching the specimen to the bar. A newly designed accessory allows for a 
traditional “B” bar specimen (typically used for fracture toughness31 and flexure 
testing32 of ceramics) cross section (3 × 4 mm2) to be attached to the incident bar, 
which is shown in Fig. 7. This facilitates sequential indentation tests on the same 
specimen through a simple loosen-move-tighten procedure. An additional 
accessory with a flat face (not pictured) allows for various specimen geometries to 
be indented via other attachment methods, such as double-stick tape or super glue, 
similar to the original DIHT design. 
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2.4 Removal of Extraneous Component 

The final aspect of the redesign is the omission of the steel strip used to measure 
the velocity of the end of the incident bar. The steel strip was originally 
implemented to measure the displacement rate (i.e., velocity) of the incident bar to 
determine the exact strain rate for each test. However, the ability of the steel strip 
to consistently and accurately measure the displacement of the incident bar was 
questionable. Further, it was deemed unnecessary for operation of the dynamic 
hardness tester, as the velocity of the incident bar (Vi) can be determined from Eq. 2, 
relying only on the wave speed in the bar, Cb (material property given in Table 1), 
and the maximum strain in the incident bar, εI (measured from the strain gage on 
the bar surface). The average strain rate can subsequently be calculated according 
to Eq. 3, where d is the indent diagonal length. 

𝑉𝑉𝑖𝑖 = −𝐶𝐶𝑏𝑏𝜀𝜀𝑖𝑖 (2) 

𝜀𝜀𝚤̇𝚤(𝑡𝑡) =
𝑉𝑉𝑖𝑖
𝑑𝑑

 (3) 

3. Case Study: Comparison of Vickers Indentation to Literature 
Data 

Due to the design change of the new Dynamic Indentation Hardness Tester, a case 
study was performed to validate the setup and the data that it produces. The original 
dynamic indentation hardness tester used by Subhash created dynamic Vickers 
hardness data for 18 metals.20 The data for three of these metals (6061 aluminum, 
Grade 2 “commercially pure” titanium, and Grade 5 titanium, also called Ti-6Al-
4V) was used for validation through comparison. 

The first step was to machine 3 × 4 × 25 mm3 specimens (“B” bar cross section) of 
each material. These specimens were then mounted, and the 4 × 25 mm2 face was 
polished following standard metallographic procedures to a 0.25-μm finish to create 
a smooth surface for indentation, free (or nearly free) of residual stresses. After 
polishing, quasi-static indentation testing was performed on each material. Ten 
indentation events were attempted at each of the following loads: 1, 2, 3, 5, 10, 20, 
30, and 50 kgf using a Wilson Tukon 2100B hardness testing unit. The indentation 
load (F) and the average of the two measured indent diagonal lengths (d) were input 
into Eq. 1 to calculate the quasi-static Vickers indentation hardness values 
(Table 3). 
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Table 3 Average quasi-static hardness values for the three metals at each indentation load 

Material 
Average quasi-static hardness at each indentation load  

(MPa) 
1 kgf 2 kgf 3 kgf 5 kgf 10 kgf 20 kgf 30 kgf 50 kgf 

6061 aluminum 1040 1036 1034 1034 994 979 1011 1041 
Titanium 1677 1700 1705 1680 1641 1593 1625 1637 

Ti-6Al-4V 3336 3372 3354 3367 3451 3479 3266 3268 

 
Once quasi-static testing was completed, dynamic testing was conducted for each 
material. For these tests, the specimens were removed from the epoxy mount 
following the polishing procedure. The new DIHT apparatus was used to create 
indents in each specimen until 10 acceptable Vickers indents were acquired. In 
general, it took approximately 15 to 20 indentation tests to produce 10 acceptable 
indents. An indent was deemed acceptable if it had straight (or slightly bowed) 
edges, symmetry between the diagonal lengths (within ±5% of the mean value), and 
minimal to no cracking, chipping, and spallation. The diagonal lengths were 
measured using an optical microscope, and the maximum load value was recorded 
from the load cell signature. These measurements were then used to calculate the 
dynamic Vickers hardness values using Eq. 1. The values can be found in Table 4. 

Table 4 Dynamic indentation hardness values for 10 individual indents on each of the three 
metals 

 

Once all the data had been collected, it was compared to the data from the ASM 
handbook20 in an effort to prove the newly redesigned DIHT could reproduce 
dynamic hardness values. This comparison was done by finding the load-
independent hardness for each material, where the slope of the trend line for the 
plot of indentation load versus square of diagonal length is inserted into Eq. 1 for 
the term P/d2 to determine a singular hardness value across the load range for a 
given material. Conventionally, when a hardness value is presented for a specific 
material, the load value at which that hardness was obtained is also presented 
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because some materials show an indentation size effect (i.e., hardness versus 
indentation load is nonlinear).33–36 The plots of load versus square of the diagonal 
length are presented in Fig. 8. 

 

Fig. 8 Plots of indentation load versus square of the diagonal length for the three materials: 
(left) 6061 aluminum, (middle) titanium, and (right) Ti-6Al-4V. Quasi-static markers are 
filled, while dynamic markers are empty. The quasi-static markers are an average of 10 
indentations at each load, while the dynamic markers represent individual indentation events. 
The load-independent hardness value is presented for both quasi-static and dynamic loading. 

The values derived from this analysis were then compared to the ASM data values20 
to identify any discrepancies. The comparison of quasi-static hardness values is 
presented in Fig. 9. 

 

Fig. 9 Comparison of the quasi-static load-independent hardness values from Subhash20 
(red) and the quasi-static hardness values determined from this study (blue). The error bars 
denote 1 standard deviation. 

In general, the percent differences between the current data and the historical data 
are within ±11%. These differences are likely because the two studies did not test 
the exact same vintage and microstructure of the various materials. This is 
especially true of metals, which can undergo many postprocessing procedures to 
alter the final microstructure of the material. Also, the physical measurement of 
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indentation diagonal lengths by individual researchers can vary. This can lead to 
slight inconsistencies in reported hardness values for the same material, generally 
<6%.31 A comparison of the dynamic hardness values is presented in Fig. 10. Again, 
the current values were similar to the previously generated data, falling within 
±10% of each other. 

 

Fig. 10 Comparison of the dynamic Vickers indentation hardness values for the data from 
Subhash20 (red) and the experimentally determined values in this study (blue). The error bars 
denote 1 standard deviation. 

The slight variations in hardness values are again attributed to the same 
considerations made for quasi-static hardness, as the variations are of a very similar 
degree. This data is plotted in another way in Fig. 11 to compare the percentage 
increase from quasi-static to dynamic Vickers hardness value for the literature data 
and the current study’s data. 

 

Fig. 11 Comparison of the percentage increase in Vickers hardness from quasi-static to 
dynamic testing for the data from Subhash20 (red) and the experimentally determined data 
from this study (blue) 
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The crystal structure influences the rate-sensitive behavior of a material due to the 
various lattices’ resistance to deformation and tendency to exhibit different 
deformation mechanisms under high-rate conditions compared to low-rate. In 
general, the degree of rate sensitivity increases from face-centered-cubic (FCC) to 
body-centered-cubic (BCC) to hexagonal-close-packed (HCP) crystal structures 
during adiabatic deformation.37 Aluminum has an FCC crystal structure,38 whose 
high-rate deformation behavior is dominated by dislocation motion,37,39 hence it is 
known to be relatively insensitive to loading rate.37 This behavior is correctly 
captured by the redesigned DIHT, where 6061 aluminum exhibits an essentially 
rate-independent Vickers hardness. The FCC metals investigated in Subhash20 
exhibited a 2%–10% increase in hardness under dynamic conditions, fairly 
consistent with the results of this study. Titanium is an HCP crystal structure, 
leading to a high degree of rate sensitivity in the material due to high lattice friction 
stress (also called Peierls stress) resulting in a propensity to exhibit twinning at high 
deformation rates.37,39,40 This high degree of rate sensitivity is again correctly 
captured by the new DIHT. The titanium alloy Ti-6Al-4V is a mixture of the alpha 
(HCP crystal structure) and beta (BCC crystal structure) phases,39,41,42 hence its 
behavior falling in between the FCC alloy (6061 aluminum) and the HCP metal 
(titanium). These phenomena are not as pronounced as the historical data 
demonstrates but are still to a similar degree. Despite some subtle differences in 
measured hardness values with the data (generally ±11%), the redesigned DIHT 
shows that it has the ability to produce appropriate dynamic indentation data. With 
the completion of this case study, future testing and experiments can be completed 
using this apparatus. 

4. Future Directions 

The first, and most obvious, extension of this apparatus is the indentation of other 
classes of materials using various indenter geometries. For example, it is generally 
recommended to use the Knoop indentation geometry for evaluating ceramic 
materials due to the reduced indentation depth and stress concentrations associated 
with this extended pyramid geometry. This geometry results in lower amounts of 
cracking and spallation in brittle materials, which is a common occurrence with other 
indenter geometries as the indentation load is increased. There are very few studies 
presenting the dynamic Knoop hardness values of materials, which would be 
extremely useful to compare with conventional quasi-static Knoop hardness values. 

While the dynamic indentation hardness tester was originally designed to measure 
the high-rate hardness of materials (as the name implies), it could also prove to be 
adapted for use in other Army-relevant applications. For example, in ceramic armor 
materials understanding the nucleation and propagation of cracks is paramount to 
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achieving high levels of performance. The DIHT apparatus could be modified to 
investigate the formation and propagation behavior of cracks in ceramic materials, 
such as the conoid cracks that form in ceramic armor during ballistic impact 
events1,43–45 or the propagation of cracks in layered structures, such as ceramic-
matrix composites, ceramics produced from highly filled polymer tapes, or layer-
by-layer additively manufactured ceramics. The advantage of the DIHT is that a 
spherical indenter could be used to generate contact cracks from a single impact 
event, but rather than the impactor continuing to penetrate the material, as in a 
ballistic test, the impactor is retracted after a small displacement into the specimen, 
minimizing the surface damage to the specimen and also ending the impact even 
before full penetration can occur. This could be useful for studying the damage 
beneath an impact/indent site,23,46–48 which has been done for quasi-static 
indentations into silicon carbide at the CCDC Army Research Laboratory.49 

Another possible adaptation of the DIHT is for small-scale punching experiments. 
This area is of particular interest to the realm of composites, where understanding 
the penetration response of a woven fabric is of great concern to performance. 
Currently, geometric projectiles, simulating the shapes of fragments from an 
explosive device, are launched from a gas gun into a fabric to capture the 
deformation response of the composite50,51; however, only the overall response of 
the fabric can be extracted from such tests. The early stages of such an impact event 
could be captured through calibrated penetration depths of a punch into the fabric. 

5. Concluding Remarks 

The dynamic indentation hardness of materials has generated great interest in the 
engineering community, and, further, has great relevance to the high-rate impact 
situations consistently encountered in Army applications. The DIHT at ARL has 
been refurbished and redesigned to improve its capabilities and repeatability. 
Aluminum is now used as the striker and incident bar materials, replacing the 
previous steel bars, allowing for lower-impact amplitudes. Improvements include a 
more efficient momentum trap assembly by increasing the size of the sleeve and 
“floating” the rigid mass on a linear roller bearing. The indenter fixture has been 
reconfigured to place the specimen directly on the end of the incident bar, and 
placing the indenter tip into direct contact with the load cell. Preliminary validation 
of the design shows good agreement with data from three materials (6061 
aluminum, titanium, and Ti-6Al-4V) in published literature. Further work will be 
conducted on other materials (ceramics, glasses, polymers, etc.) and indenter 
geometries (Knoop, spherical, etc.), and also on other configurations of the 
apparatus to investigate “recoverable” impact events that probe various 
deformation behaviors in a variety of materials.
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List of Symbols, Abbreviations, and Acronyms 

1-D one-dimensional 

ARL Army Research Laboratory 

BCC body-centered-cubic 

CCDC US Army Combat Capabilities Development Command 

DIHT dynamic indentation hardness tester 

FCC face-centered-cubic 

HCP hexagonal-close-packed 

SHPB split-Hopkinson pressure bar  
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