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Meteorites have one of the most unique and beautiful microstructures, the Widmanstätten structure. This consists

of large, elongated bands which form an intricate octahedral lace of crystalline metal. This structure makes

meteorites an ideal case to demonstrate the capabilities of mechanical phase mapping using high-speed

nanoindentation. In this work, the mechanical properties and composition of the Taza meteorite were mapped

using ∼100,000 indentations to statistically determine the properties of the individual phases. Five

microstructural phases were characterized in this meteorite: Kamacite, Plessite, Tetrataenite, Cloudy Zone, and

Schreibersite. Mechanical phase identification was confirmed using EDX measurements, and the first direct, point-

to-point correlation of EDX and large-scale indentation maps was achieved. Mechanical phase maps showed

superior phase contrast to EDX in two phases. An indentation property map or a mechanical phase map using a

2D histogram was used to visualize and statistically characterize the phases and identify trends in their

relationships.
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oped the first high temperature nanomechanical testing system capable of allowing direct visualization of test-
ing in situ in the scanning electron microscope. He is currently a senior scientist within the Laboratory for
Nanometallurgy in the Department of Materials Science at ETH Zürich in Switzerland, where he leads a
research group on the Micromechanics of Materials. His research interests focus on the plasticity of strong
materials at small length scales, the influence of ion irradiation of materials behavior, and large-scale inden-
tation mapping.

Introduction

Meteorites are one of the most tangible aspects of outer space.

With their irregular, ablated surfaces and intricate

Widmanstätten microstructures, nickel–iron meteorites truly

appear to be otherworldly. The internal microstructure and

composition of meteorites have been intensively studied and

classified by astro- and geo-chemists to study their origins

and formation processes [1, 2]. Nickel–iron meteorites can dis-

play a wide range of microstructures [3] depending on their

nickel content, cooling rate, and tertiary composition [4].

These range from a pure body-centered cubic (BCC) iron

phase (Kamacite) at low nickel concentrations to a pure face-

centered cubic (FCC) phase (Taenite) at higher nickel concen-

trations. At the highest nickel concentrations, an ordered L10

intermetallic FeNi′′ phase called Tetrataenite can also form

[4], which has interesting magnetic properties [5]. In between

these concentrations, several different mixed phases occur

forming either large Widmanstätten bands of Kamacite in

a Taenite matrix or a spinodally-decomposed Plessite phase

[1, 6]. The width of these bands corresponds to extremely

slow, radiative cooling over millions of years [4]. In addition
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to these majority phases, relatively large precipitates can also

form by carbon, phosphorus, and sulfur segregation during

cooling [4].

These exotic microstructures have long made meteorites

attractive samples for demonstrating new characterization tech-

niques, particularly analytical techniques [7]. However, other

than microhardness testing in the 1950s–1970s [8, 9, 10], rela-

tively few studies [11] have been performed to characterize the

mechanical behavior of these unique pieces of other worlds.

With the advent of modern, high speed nanoindentation tech-

niques [12, 13, 14], it is now possible to map the mechanical

features of materials over square millimeters of area with

micron-scale resolution in a reasonable amount of time.

Using statistical analysis [15] or machine learning [16, 17],

the properties of each of these phases can be extracted. This

has been applied on a range of materials from cemented car-

bides [13, 18, 19], steels [20], and thermal barrier coatings

[21] to actual cements [22, 23]. By combining this technique

with elevated temperature capable systems, the activation

parameters of individual phases can also be extracted [24], or

using a combinatorial approach on a diffusion couple, entire

slices of phase diagrams can be interrogated at once [25].

High-speed nanoindentation mapping is still being actively

developed, but it promises to become a ubiquitous tool for

mechanical microscopy.

One area with significant potential for growth in high-

speed nanoindentation mapping is correlative testing in combi-

nation with analytical techniques such as energy-dispersive

X-ray spectroscopy (EDX) and electron backscatter diffraction

(EBSD). The combination of indentation mapping and EDX

allows for several exciting applications. Chemical and mechan-

ical degradation could be simultaneously quantified in multi-

component material structures in demanding environments,

e.g., thermal barrier coatings after thermal cycling [21]. New

understanding of the relationships between composition and

mechanical behavior in materials with complex chemistries,

such as cements, could be developed. Combinatorial studies

[25] could be conducted in a more automatic fashion with

the data from different phases or compositions effectively

labeled by correlative analytic datasets, allowing easier phase

identification and deconvolution. There is a broad scope for

the application of these correlative techniques, but many chal-

lenges in data processing and analysis still remain.

In this work, high-speed nanoindentation is combined with

EDX to map the mechanical properties of the different phases

of a fragment of the Taza nickel–iron meteorite. To the author’s

knowledge, this is the first study which combines statistical,

large-area nanoindentation and EDX with a point-to-point

correlation. This meteorite has a rich microstructure consisting

of at least five phases and provides an excellent case study for

demonstrating this technique. Indentation mapping values are

compared to conventional depth-sensing indentation methods,

and correlative EDX composition values are compared with lit-

erature and spot EDX measurements for each phase. Various

statistical visualizations for the data are presented, and their

benefits and limitations are discussed.

Results

Individual indentations

After preliminary indentation maps had identified the various

phase regions in the sample, individual indentations using con-

tinuous stiffness measurement (CSM) were carefully placed in

each phase region to characterize their modulus and hardness

as a function of indentation depth. However, as this is the more

conventional characterization method, I present these results

first. Figure 1 shows representative load–displacement curves

and hardness and modulus as a function of penetration

depth for each phase in the Taza meteorite.

The Schreibersite, (Fe,Ni)3P, precipitates are seen to be the

hardest of all the phases, but interestingly Schreibersite has a

Figure 1: Representative curves for load, hardness, and modulus as a function

of displacement from CSM indentations in each phase in the Taza meteorite.
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nearly identical modulus with the Kamacite phase that it pre-

cipitates inside. The Cloudy Zone phase is the next hardest

phase with a hardness between 4 and 5 GPa, and it also has

a nearly identical modulus trend with the Plessite phase. This

is not too surprising, given the Cloudy Zone and Plessite

phases are both composite microstructures made from the

same two phases: Tetrataenite and Kamacite. The higher hard-

ness and relatively small indentation size effect of the Cloudy

Zone is attributed to the finer structure of the nanocomposite

microstructure. Kamacite, Plessite, and Tetrataenite all possess

nearly identical hardness trends, but the ordered L10 interme-

tallic Tetrataenite has a markedly lower modulus.

EDX line scan correlation

In Fig. 2, a small cluster of softer Kamacite bands can be seen

in a harder, disordered Plessite matrix in the Taza meteorite,

along with several hard Schreibersite precipitates. On closer

examination, it can be seen that the soft bands in the hardness

map contain an inner ring of lower modulus material and an

outer halo of harder material. These consist of the inner

Tetrataenite layer and the outer hard Cloudy Zone phase.

These two layers appear quite distinct in the hardness-to-elastic

modulus ratio, or H/E, map. These phases appear continuous

in EDX scans, but discretely appear in mechanical phase

maps. Good correlation is seen between the hardness and

H/E maps, but the hardness and modulus maps do not show

the same 1:1 correlation between features, particularly in the

Plessite matrix. This arises from the relatively similar moduli

observed for the majority of phases, such that indents whose elas-

tic zones overlap both phases either laterally or below the inden-

tation measure a composite modulus which may not correspond

to the surface phases. The plastic zones, which give rise to hard-

ness values, are significantly more confined and give more local

measurements corresponding to the surface phases.

The backscattered electron (BSE) micrograph shown in

Fig. 2, which corresponds to the labeled shaded area in the

hardness map, reveals the fine structure of the spinodally

decomposed Plessite phase on the left side of the micrograph.

Moving towards the right across the micrograph along the EDX

line scan, the strong fluctuation in BSE contrast and elemental

composition gives way to a smoother gradient corresponding to

the Cloudy Zone phase [6]. This consists of a natural gradient

nanocomposite material, whose modulation period becomes

smaller than the EDX resolution. The hardness of this nano-

composite from the outer space increases as the nickel concen-

tration increases, which relates to an increasingly fine

nanocomposite structure with Tetrataenite in a fine Kamacite

matrix. Moving further to the right, the ratio of iron and nickel

reaches the 1:1 value necessary for the pure FeNi′′ Tetrataenite

phase [6]. This corresponds to the drop in modulus seen in the

modulus map. Finally, the pure Kamacite phase, consisting of

Figure 2: Comparison of indentation property maps of hardness, modulus, and H/E ratio with a local EDX line scan in a selected area investigated using BSE

microscopy and indicated on the hardness map.
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BCC iron, is observed and corresponds to the highest values

observed in the modulus map.

Interestingly, a small precipitate of Schreibersite can also be

observed in the BSE micrograph in Fig. 2. A single, smaller

indent can be seen near the center of this ∼7 μm diameter pre-

cipitate, which corresponds to the small peak in hardness in the

shaded region in the hardness map. This single point might

have been dismissed merely as noise, but this micrograph val-

idates its veracity. This illustrates the accuracy of this mapping

technique, despite its high speed.

Large-area mechanical phase map

The previous section described the basic features observed in

the microstructure of the Taza meteorite in terms of the inden-

tation results. This included a conventional correlation between

mechanical indentation data and analytical EDX data. In this

section, rather than correlating a few dozen indents to an

EDX line scan, a full 1:1 correlation is achieved between inden-

tation and EDX maps consisting of 80,000 points apiece

(Fig. 3). This allows the first direct correlation between

micron-scale mechanical and compositional property maps

over square millimeters of area.

As it was not trivial to align and extract an arbitrarily/sized

matrix of data using the EDX software, an oversampled EDX

map was obtained instead, and the data were extracted using

a custom piece of LabView software to align the data matrices

and extract an average value of the EDX data within a set radius

(1.75 μm) of each indent’s coordinates to determine corre-

sponding 1:1 matrices for indentation and EDX data. For nar-

rower phases, and shallower/narrower indentations in hard

phases, this results in an averaging of EDX data over a larger

area than the indentation’s plastic zone, but the radius was cho-

sen to correspond to the ∼3.5 μm width of a 500 nm deep

indentation performed with a Berkovich indenter. This size

compares to the indents performed in the softest phase,

Kamacite. If the indentation mapping techniques were able to

be performed to a set target depth, rather than only a target

maximum load, then higher resolution mapping of multiple

phases would be possible with less averaged EDX data.

The features in the maps in Fig. 3 correspond well with the

observations from Fig. 2 with Kamacite bands showing the

Figure 3: Large-area indentation property maps of a region of the Taza meteorite featuring numerous Kamacite bands with corresponding composition maps of

iron, nickel, and phosphorus extracted from EDX data.
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lowest hardness and highest modulus etc. However, the rela-

tively richness of features in Fig. 3 is much greater due to its

larger area and the increased density of Kamacite bands in

that location. Furthermore, a much greater number of hard

Schreibersite precipitates can be seen, which correspond to

local hotpots in the phosphorus map. The correlative EDX

maps allow a few additional trends to be observed. In general,

decreased modulus corresponds to the high nickel concentra-

tions of the Tetrataenite phase. Moreover, the true utility of

the H/E map is highlighted, as it is the only indentation map

which allows easy observation of all five phases. In the H/E

map, both the Cloudy Zone and Tetrataenite phases can be

clearly differentiated by their mechanical behavior. This is a

notable feat, since the boundary between these phases is con-

tinuous in the EDX maps.

Discussion

Statistical analysis

Typical statistical analysis of large numbers of indentations [15]

involves a blind deconvolution of a single indentation property:

hardness or modulus. This involves fitting several Gaussian dis-

tributions to approximate a cumulative distribution function

extracted from the property to be deconvoluted. This has

been used with good success for a variety of materials where

the distribution of the phases is somewhat random: cemented

carbides [13, 18, 19], steels [20], and cements [22, 23].

Another technique is to use multivariate K-means cluster

analysis [26], which incorporates several properties and per-

forms an error minimization to split the data into several clus-

ters which can be individually evaluated. This has been

demonstrated on large nanoindentation datasets on thermal

barrier coatings [21] and high entropy alloys [24].

In this work, I applied a simpler, more visual method for

separating the different phases. By plotting the data from the

80,000 indentations shown in Fig. 3 in a 2D histogram of the

hardness and elastic modulus, the phases can be easily visual-

ized in property space (Fig. 4). This sort of plot has been used

in previous work [25] to characterize the different phases in an

Al—Cu diffusion couple. In that work, the plot showed good

correlation with values extracted using the analysis of Ulm

et al. [15], demonstrating its utility for rapid visualization. All

five phases can clearly be observed as clusters in this plot, and

the regions of overlap between phases correspond to physical

overlaps, where individual indentations occurred on the interfaces

between phases. The strongest peak is clearly seen to be the

Kamacite phase, whereas the Schreibersite values form more of

a diffuse cloud than a strong peak. The main four phases all

show significant overlap, due to their large number of interfaces

from the intricate microstructure, shown in Fig. 3, resulting in a

large number of indentations straddling two phases.

The 2D histogram plot is also revealing for why the hard-

ness and modulus plots in Fig. 3 do not clearly show the var-

iation between all of the phases, while the H/E plot does allow

all the phases to be visualized. If we examine the variation in

properties purely from the modulus axis, the way we would

Figure 4: 2D histogram of hardness versus elastic modulus from results shown in Fig. 3 with peaks corresponding to the phases labeled.
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in a 1D histogram of modulus, then near complete overlap

occurs for Schreibersite, Cloudy Zone, and Plessite. Only

Tetrataenite and to a lesser extent Kamacite can be differenti-

ated, as seen in Fig. 3. From the hardness axis, only the

Cloudy Zone and Schreibersite phases remain distinct from

the main cluster. However, despite the overlap in hardness

and modulus, in this case, the H/E ratios for each phase are

quite distinct, as labeled in Fig. 3, resulting in the excellent

phase contrast in that plot. This might not always be the

case, as one can easily imagine a string of phases which all

fall on the same H/E ratio in the same way that these phases

are aligned on the modulus axis. However, in every case,

these phases would be distinct when plotted in a 2D histogram

similar to Fig. 4, unless they were mechanically identical.

The 2D histogram also allows easy segregation of data for

the more discrete phases: Schreibersite and Tetrataenite.

Datapoints corresponding to those phases were easily sepa-

rated, and their values evaluated to construct their empirical

cumulative distribution functions shown in Fig. 5. However,

the Cloudy Zone, Plessite, and Kamacite phases show signifi-

cantly more overlap. To address these phases, the large

numbers of indents over the large area shown in Fig. 3 were

beneficial, since even a relatively small selected area could

yield several thousand datapoints for analysis. Large areas of

the Plessite phase were easily identified and selected by their

positions. Similarly, large areas of Kamacite and Tetrataenite

could also be selected, and then the Kamacite values isolated

by removing the lower modulus values corresponding to the

Tetrataenite phase. Thus, only the Cloudy Zone values needed

further deconvolution. This was finally accomplished by using

a hardness threshold of 3.6 GPa, which was the upper extent of

the Plessite phase. This somewhat truncates the fit of the

Cloudy zone phase, which noticeably overlaps with Plessite.

However, the values in Table 1 extracted from both statistical

and conventional indentations show good agreement.

While this manual/graphical method of separating the data

for statistical analysis has the advantages of user supervision

and confidence, it also carries the influence of human bias.

The sum of the number of datapoints, N, investigated in each

phase is ∼90% of the total indentations performed in this

map. The unevaluated remainder consists of smaller regions

of Plessite, which were not manually selected for analysis due

to the availability of larger areas, intermediate indentations

which fell between clusters and outliers. While this was suffi-

cient in this case, ideally all data should be evaluated using a

standard method. This highlights the need for further develop-

ment to establish readily accessible, statistical/machine learning

tools to facilitate the identification of phases. Some progress has

been made in this area by applying multivariate K-means clus-

ter analysis [26], but identifying appropriate standard methods

for this remains a challenge for the nanoindentation mapping

community. One avenue for improvement in phase identifica-

tion is by increasing the parameter space to include correlative

analytical techniques, e.g., EDX and/or EBSD, to add composi-

tional and/or structural information to the mechanical data for

each indentation.

Correlation with EDX measurements

As shown in the previous sections, visual correlations of the

phase compositions and mechanical properties have been

achieved with the EDX line (Fig. 2) and area (Fig. 3) scans.

Figure 5: Empirical cumulative distribution functions for each phase in the

Taza meteorite.

TABLE 1: Average indentation values and standard deviations extracted from the conventional indentations in Fig. 1 and statistical results extracted from Fig. 5.

Phase

Conventional indentation Statistical indentation

Hardness S D Elastic modulus SD Hardness SD Elastic modulus SD N

Kamacite 2.555 0.198 199.5 6.852 2.572 0.106 206.2 7.778 35,629

Plessite 2.879 0.231 185.8 3.774 3.043 0.233 195.9 7.215 18,972

Tetrataenite 2.390 0.214 152.6 7.527 2.538 0.093 160.6 4.756 10,591

Cloudy Zone 4.344 0.527 186.6 6.124 4.090 0.334 191.3 9.223 6856

Schreibersite 11.03 0.674 190.8 14.46 10.49 0.576 187.4 9.010 249
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The idea of correlating EDX and nanoindentation data is not

novel, and it has been extensively applied previously to identify

individual phases of interest in the microscope for manual

phase identification or to qualitatively show the relationship

between an EDX line scan and the hardness fluctuations in

an indentation map [27]. For samples with smooth composi-

tional gradients like diffusion couples/multiples [25, 28, 29,

30], quantitative correlation has also been achieved by fitting

mathematical functions which describe compositional trends

to a function of position to establish the relationship between

indentation data and composition. Qualitative comparisons of

larger-scale indentation maps with EDX [22] and EBSD [12]

area scans of the same regions have also been achieved previ-

ously. However, the quantitative correlation of large-scale

indentation data and EDX maps with 1:1 correlation for each

datapoint in Cartesian space has not been achieved before.

This truly allows quantitative mapping of mechanical proper-

ties as a function of composition, regardless of the feature or

phase morphology or nature of the property gradients. This

makes Fig. 4 unique, as it is likely the largest, point-for-point

correlated map of its type to be achieved to date.

The direct correlation of nanoindentation and EDX data

allows any nanoindentation parameter to be plotted as a func-

tion of composition, e.g., elastic modulus as a function of the

Fe:Ni ratio or the hardness as a function of carbon content.

However, as discussed above, the most descriptive indentation

parameter for this particular dataset is the H/E ratio, as it

allows easy discrimination of all five phases present, and the

most significant compositional influence on the phases in

nickel–iron meteorites is the nickel content. Therefore, Fig. 6

was constructed to show the variation of the H/E ratio with

nickel content. At first glance, the choice of the 2D histogram

again for this data appears strange, as it is more conventional to

observe trends between hardness and composition represented

as a line plot, as typically shown for solid solution strengthen-

ing investigations within single phases. However, in the case of

Figure 6: 2D histogram of H/E ratio as a function of nickel content from the data in Fig. 3 with peaks corresponding to individual phases labeled.

TABLE 2: Summary of compositional and structural parameters of the phases investigated [1, 4, 6, 31].

Phase Formula Nickel content (at. %) Crystal system Space group Cell parameters (Å)

Kamacite α-(Fe,Ni) 0–7 BCC Im3m a = 2.86

Plessite α-(Fe,Ni) + γ-(Ni,Fe) ∼15 — — —

Taenite γ-(Ni,Fe) 25–40 FCC Fm3m a = 7.146

Tetrataenite FeNi′′ ∼49–52 L10 Tetragonal P4/mmm a = 2.533

c = 3.582

Cloudy Zone α-(Fe,Ni) + FeNi′′ ∼20–45 — — —

Schreibersite (Fe,Ni)3P ∼18–42 Tetragonal I�4 a = 9.052

c = 4.47
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this multiphase meteorite, compositional gradients are quite

local between the phase boundaries, so the trends in mechan-

ical properties versus composition appear as more discrete

clusters rather than trendlines. Figure 6 shows strong peaks/

clusters for all five phases, as labeled.

On comparing the literature values for the nickel content of

the different phases (Table 2) with the values seen in Fig. 6,

several interesting trends emerge. The peak for Kamacite is

the strongest and occurs between 6 and 7 at.% nickel, in

good agreement with the EDX line scan in Fig. 2. Plessite

shows the next strongest peak at ∼15 at.% nickel, again within

the expected compositional range from the EDX line scan, and

as the majority phase of the meteorite, it is also consistent with

the overall nickel concentration for the meteorite (Table 3).

Schreibersite shows a nickel concentration of ∼40% in good

agreement with the point EDX quantification of a

Schreibersite precipitate: P = 24.4 ± 5.3, Fe = 32.3 ± 6.6, Co =

1.3 ± 48.3, and Ni = 42 ± 6.2 at.%. This is also within the

expected stoichiometry for Schreibersite, (Fe,Ni)3P. The

Cloudy Zone peak is more diffuse than the Kamacite or

Plessite peaks with values starting around 15%, a peak around

20%, and then a tail extending towards values of ∼30 at.% Ni.

The peak value agrees with the lower plateau of values seen in

the EDX line scan, but excessive smearing is seen between this

peak and the Plessite peak. This makes sense since the Cloudy

Zone occurs directly between the Plessite phase and the

Tetrataenite phase. Therefore, overlap and averaging of these

values due to the lateral dimension of both the indentations

and the EDX data averaging, as discussed previously, is not

too surprising. This averaging is even more pronounced in

the Tetrataenite peak, which is very broad in composition

space and extends from∼ 23 to 42 at.% nickel. This is quite a

bit below the expected 50% nickel concentration for the

FeNi′′ stoichiometry. While this is an expected result for aver-

aging of a phase with small lateral dimensions, such that there

is a lot of probability that indentations occur near/on inter-

faces, the effect of this averaging is much more pronounced

for the Tetrataenite phase than for the Cloudy Zone. Further

work is still needed to establish this correlative technique and

improve its lateral resolution.

Conclusion

In this work, mechanical phase mapping was performed using

high-speed nanoindentation on the Taza meteorite to deter-

mine the properties of the individual phases. Five microstruc-

tural phases were characterized in this fragment of the Taza

meteorite: Kamacite, Plessite, Tetrataenite, Cloudy Zone, and

Schreibersite. This is the first measurement of the mechanical

properties of the Tetrataenite (FeNi′′) and the Cloudy Zone

(FeNi′′ + Kamacite nanocomposite) phases. EDX line scans

verified the mechanical trends. Several of these phases have

very similar hardness or modulus values, but by plotting H/E

ratio maps, all phases could be clearly distinguished in the

maps. The reason for this superior differentiation in the H/E

maps was elucidated using a 2D histogram of the indentation

results or a mechanical phase map. These indentation property

maps or mechanical phase maps using 2D histograms are an

elegant way to statistically characterize large phases and iden-

tify trends in their relationships.

The first direct, point-to-point correlation of EDX and

large-scale indentation maps was achieved, but significant fur-

ther refinement is still possible. This showed excellent agree-

ment for all phases with lateral dimensions much greater

than the indentation width. However, EDX results come

from an averaged sampled area within/around an indent, so

fine-scale phases showed lower than expected stoichiometric

compositions due to averaging. More accurate and higher res-

olution correlative data could be achieved for a depth-

controlled indentation mapping technique.

Materials and Methods

Materials

The Taza meteorite [32] (officially designated as NWA 859) is a

nickel–iron meteorite classified as a Plessitic Octahedrite,

Ungrouped. This means that it contains Widmanstätten

bands within a Plessite matrix, but that its trace element com-

position (Table 3) is not consistent with any of the established

chemical groupings (∼90% of nickel–iron meteorites) that have

been determined to originate from around a dozen different

asteroids. It was discovered in Morocco in 2001 with a main

mass of 75.3 kg and hundreds of smaller fragments. Many of

these fragments are oriented in shape from atmospheric abla-

tion, where one surface ablated away and molten surface mate-

rial flowed and formed flow lines and melted lips as seen in the

fragment used in the present work shown in Fig. 7.

The composition of the meteorite is primarily iron, but it

contains a high average nickel concentration of 16% [32].

The microstructure is reported to consist of incompletely

TABLE 3: Trace element concentrations reported [32] for the Taza meteorite.

Element Concentration

Cobalt 13.1 mg/g

Nickel 159.3 mg/g

Copper 296 μg/g

Gallium 87.0 μg/g

Germanium 2200 μg/g

Arsenic 54 pg/g

Tungsten 6.8 μg/g

Iridium 2.45 pg/g

Platinum 37.7 μg/g

Gold 6.52 μg/g
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dissolved Kamacite bands in a Plessite matrix with some hard

Schreibersite, (Fe,Ni)3P, precipitates. This indicates that there is

a notable concentration of phosphorus, which is not reported

in Table 3. Plessite is a two-phase microstructure, like

Pearlite, consisting of undercooled Kamacite precipitating

from the high nickel Taenite phase [6].

A small piece of the Taza meteorite was acquired (The

Meteorite Exchange, Inc. Tehachapi, CA, USA) and sectioned

using an abrasive cutoff saw for this investigation. The sample

surface was prepared for nanoindentation by conventional

metallographic techniques and polished using successively

finer diamond abrasives, finishing with a 60 nm SiO2 particle

suspension. However, the ultimate surface finish was less per-

fect than desired due to shedding of particles from the frustrum

at the edges of the sample into the polishing cloth, contaminat-

ing the polishing cloth and resulting in some small surface

scratches in the softer phases.

Nanoindentation

Nanoindentation testing was performed using an iNano nano-

indenter (KLA Instruments, Oak Ridge, TN, USA) with a dia-

mond Berkovich indenter. A high-speed nanoindentation

technique, NanoBlitz, which allows mapping of a large area

using rapid indentation testing, where each test takes ∼1 s

and is evaluated by the Oliver and Pharr method [33, 34],

was employed to characterize the mechanical properties of

the meteorite’s microstructure. Preliminary maps of a few hun-

dred indentations were initially performed to identify phases of

interest, and grids of 1000 indentations were performed with a

progressively decreased load, where each indent was performed

at 0.995 of the previous load, to identify general load–depth

relationships for the microstructure and the target loads for

appropriate grid spacing. Two large indentation maps (∼100,

000 indents in total) were conducted at an applied load of

15 mN in different areas of the Taza meteorite to characterize

regions of interest. A spacing of 5 μm was used between inden-

tations to ensure that the suggested indentation depth/spacing

ratio of 10 was maintained [35] to avoid excessive interaction

between indents. In the case of multi-phase samples, this

depth/spacing ratio should be determined for the softest

phase in the material, but this does mean that indentations

in harder phases penetrate to lower depths. In this case, the

chosen load achieved a target depth of 500 nm to reach a

depth in the softer phases where the influence of surface finish

was minimized and to ensure that results measured were more

representative of bulk behavior.

The iNano system also offers the conventional CSM tech-

nique [34], which allows the determination of the hardness,

H, and elastic modulus, E, from the stiffness measured via a

small oscillation applied during loading. After identification

of the locations of the various phases, a minimum of five

CSM indentation tests were performed in each phase to iden-

tify the trends in hardness and modulus with depth. These

indentations were performed to a load of 50 mN (the maxi-

mum load of the iNano) to characterize the phase behavior

over the largest range possible.

One important consideration to remember during the anal-

ysis of such large volumes of indentation data from multiple

phases is the difference between the reduced contact modulus

and the Young’s modulus. Instrumented indentation allows

the measurement of the elastic modulus of a material using

the following equations:

E = (1− y2)
1

E∗
c

+
1− n2i
Ei

( )−1

. (1)

E∗
c =

S

2b

���

p

Ac

√

. (2)

where E is the Young’s modulus of the material, P is the load

applied, E∗
c is the reduced contact modulus, ν and νi are the

Poisson’s ratio of the sample and the indenter tip, respectively,

Ei is the Young’s modulus of the indenter tip, β is a constant to

account for an indenter tip without axial symmetry [7, 8], and

Ac is the projected contact area. This means to correctly deter-

mine the Young’s modulus of a phase, the Poisson’s ratio of

that phase needs to be known beforehand or corrected after

the fact once the phases have been deconvoluted. For the test-

ing performed here, a Poisson’s ratio of 0.3 was assumed for all

phases, so the measured modulus values are simply referred to

as elastic moduli rather than Young’s moduli.

Electron microscopy

The microstructure of Plessitic meteorites is fairly well under-

stood [6], so phase identification via composition is possible

without the necessity for diffraction techniques to further val-

idate the established crystal structures. Scanning electron

microscopy was used to observe the nanoindentation maps

Figure 7: Photograph with a scale marker of the fragment of the Taza mete-

orite used in the present work.
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and identify the different phases using two techniques: BSE

microscopy (Quanta 200 FEG, Thermo Fisher) and EDX spec-

troscopy (Octane Elite Super detector, EDAX, Inc., Mahwah,

NJ, USA) operated at a 20 kV acceleration voltage with a

4 ms dwell.
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