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ABSTRACT
The first part of this dissertation focuses on self-assembled composites. Selfassembled composites composed of vertically aligned multiwalled carbon nanofibers
(VA-MWCNF) combined with a graphitic layer (GL) arranged perpendicular to MWCNF
axes‘ have been produced at low temperature (445 °C) using low pressure thermal
chemical vapor deposition (LPCVD). Electron microscopy and Raman spectroscopy
were used to analyze composite morphology, structure and quality. It is found that
different composite morphologies and modification of the GL structure can be obtained
by varying the nickel (Ni) catalyst underlayer materials, the catalyst pre-treatment
method, the gas recipe, the gas flow rates and the pressure conditions of the LPCVD
process. Pre-treatment of the catalyst with H2 plasma or NH3 gas was also investigated.
It is found that even a short, one minute H2 plasma pre-treatment of the catalyst results in
a significant break-down of the VA-MWCNF/GL composite structure. On the other
hand, a one or ten minute catalyst pre-treatment with NH3 gas results in a structural
modification of the GL but retains the VA-MWCNF/GL composite structure.

An

increase in time of NH3 gas pre-treatment leads to reduced VA-MWCNF/GL composite
height. A growth mechanism for VA-MWCNF/GL composites was proposed.
The focus, of the second part of this dissertation, is on the analysis of natural
chalks used in traditional old master drawings. Scanning electron microscopy (SEM) and
energy dispersive x-ray spectroscopy (EDS) analysis were performed on bulk samples of
natural black chalk, steatite and calcite natural white chalks and on samples of these
chalks applied to paper using various techniques. Critical information was obtained
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about the morphology and sub-micron features of the chalk particles, the chalk/paper
interaction of each application technique and elemental composition of the bulk chalk
samples. It was found that the particle size and morphology of the natural white chalks
reduced their ability to hold to the paper. This information provides insight as to why
black chalk is more resistant to abrasion than the natural white chalks which is important
for the conservation of extant chalk drawings.
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CHAPTER 1
INTRODUCTION

1.1

Overview of the problems involved in the production of carbon nanotubes,

nanofibers and novel carbon nanofiber composites by chemical vapor deposition
Allotropes of carbon, such as amorphous carbon, diamond and graphite, have
quite different properties due to their dissimilar structures. Other allotropes of carbon
exist and include fullerenes, carbon nanotubes (CNTs), carbon nanofibers (CNFs), and
graphene and have attracted much attention over the past few decades due to the unique
properties of each, making them suitable for a variety of potential applications. CNTs
and CNFs can be produced by various techniques, each having advantages and
drawbacks. Chemical vapor deposition (CVD) is perhaps the most popular method for
growing CNTs/CNFs at specific locations on a substrate which is important for many
applications. Requirements such as vertical alignment of the fiber axis with respect to the
substrate and low temperature growth are necessary for applications in field emission
devices and electronics. Although much progress has been made towards the ability to
grow vertically aligned CNTs/CNFs on substrates, the need remains to obtain a better
understanding of the complex interplay of various CVD processing parameters in order to
have more control and reproducibility over the properties of CNTs/CNFs. Additionally,
the recent report of self-assembled novel composites composed of vertically aligned CNT
(VA-CNT) with multi-layered graphene produced by CVD [1,2] has amplified the need
for a better understanding of how the CVD processing parameters and catalyst system
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affect the structure of the graphene layers (or graphitic layer) (GL), the overall composite
morphology and the structure of fibers (CNTs and/or CNFs). The main focus of this
dissertation is to try to answer some of these questions related to the interplay of CVD
processing conditions, the catalyst system and catalyst pre-treatment and their effect on
the morphology and structure of self-assembled CNF/GL composites produced at low
temperature (445 °C) using low pressure thermal CVD (LPCVD).

1.2

Issues on the conservation of extant natural chalk drawings
The conservation of extant artwork, that was created using natural chalks, is a

challenge due to their vulnerability to abrasion. For example, white chalk hatchings
(application of a series of strokes to produce tone), used in extant drawings, are
susceptible to moisture and abrasion creating a challenge in the conservation of artwork
produced with these materials [3]. In comparison, the lines produced by natural black
chalk tend to hold better to the support, making natural black chalk artwork easier to
conserve [3]. Often, both natural black and white chalks (and red chalk) were used in the
same drawing; the black lines remain strong, while the white lines tend to fade or nearly
disappear [4]. The conservation of extant artwork relies on an understanding of the
materials and techniques used to produce the artwork. The focus of the second part of
this dissertation is on the scanning electron microscopy (SEM) and energy dispersive xray spectroscopy (EDS) analysis of bulk natural black and white chalk specimens, and the
SEM analysis of these chalks as applied to paper, using traditional drawing techniques.
Insight that can be gained from SEM/EDS analysis of the natural chalk is important to the
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understanding of these materials and thus important to the conservation of extant chalk
drawings.

1.3

Review of the literature
The following sections present a background on the structure and growth of

CNTs, CNFs and self-assembled CNT/GL produced with CVD and an overview of
various CVD parameters, and a brief summary of Raman analysis of CNTs/CNFs. This
is followed by a brief introduction on natural black and white chalks used in old master
drawings

1.3.1

Historical background
The first fullerene, C60, was observed by Kroto et al. in 1985 [5] and was named

buckminsterfullerene, although it is more commonly called the buckyball. The discovery
of CNTs is widely attributed to Sumio Iijima based on his 1991 publication in Nature [6].
However, the early observation of carbon filaments occurring via catalytic decomposition
was noted over a century ago; the method used to produce carbon filaments is described
in an 1889 patent [7]. These early carbon filaments could very well have included CNTs
and CNFs, but structural determination was not able to be performed until technological
advances were made, such as the development of high resolution transmission electron
microscopy (TEM) [8,9]. More recently, graphene has come to the forefront with its
―discovery‖ in 2004 by Konstantin Novoselov and Andrew Geim winning them the
Nobel Prize in 2010 [10].
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1.3.2 The structure of graphene, CNTs, CNFs and the potential for applications
The structure of graphene can be described as a one carbon atom thick sheet of
sp2 hybridized carbon atoms arranged hexagonally. Since its discovery in 2004, graphene
research has made rapid progress and has sparked interest in graphene/CNT composites.
Graphene holds great promise for potential applications due to its strength, stability under
ambient conditions, high quality and electronic properties [10].
CNTs and CNFs have been widely studied over the last two decades due to their
unique electronic, optical and physical properties. There are two main categories of
CNTs, single-walled CNTs (SWCNTs) and multi-walled CNTs (MWCNTs).

The

structure of a SWCNT can be thought of as a graphene sheet rolled up to form a tube like
structure that may be capped at one or both ends by a fullerene hemisphere. A SWCNT
can have different conformations (zigzag, armchair and chiral) depending upon the way
the edges of the graphene sheet come together.

SWCNTs can be metallic or

semiconducting depending upon the conformation. SWCNT outer diameters can be less
than 1 nm with aspect ratios that can exceed 1,000,000 [8]. MWCNTs can be thought of
as rolled up sheets of graphene that are concentrically aligned, or as a set of SWCNTs
nested one inside the other. The distance between walls in MWCNTs is 0.34 nm which is
similar to the 0.335 nm spacing between the stacked graphene planes that compose
graphite. MWCNTs can have two or more walls and have outer diameters from 1 – 100
nm and are typically metallic [8].
The structure of a CNF differs from that of a CNT; however, this distinction is
often overlooked in the literature. CNFs can be described as having either a cylindrical
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or conical structure composed of graphene sheets with lengths ranging from less than a
micron to several millimeters and diameters on the order of a few up to hundreds of
nanometers. In fact, Melechko et al. describes the CNT structure as a special case that
falls under the category of CNFs [9]. According to Melechko et al., the designation of a
CNF as a CNT is based on the angle (α) between the graphene sheet of the side wall and
the tube axis (Fig. 1.1 (a)). If the angle is zero, meaning that the tube wall(s) are parallel
to the tube axis for the full length of the tube, then the tube is designated as a CNT. In
comparison to the special case CNT structure, all other CNFs can have side wall angles
that are greater than α = 0 (Fig. 1.1 (b)) that result in either a ―stacked cone‖ structure or a
―stacked cup‖ structure that resembles bamboo.
Although many researchers do not make a distinction between CNTs and other
types of CNFs, such as the stacked cup or cone, it is quite clear that there is a distinct
difference in their structures and hence their properties.

However, it has been

demonstrated that the properties of CNTs and/or CNFs make them desirable for
numerous applications such as gas sensing [11], electroanalysis and biosensing[12,13],
hydrogen storage [14,15], field emission devices [16-22] and as additives in polymer
nanocomposites [23-25].

17

FIGURE 1.1 (a) High resolution TEM image of a MWCNT with an inner diameter of ~1
nm. The cartoon shows that the MWCNT structure is defined by the angle (α) between
the graphene walls and the tube axis is equal to zero. (b) High resolution TEM image of
a MWCNF with a stacked cone structure. The cartoon shows that there is a non-zero
angle between the graphene walls and the fiber axis for the stacked cone type of
MWCNF structure. Cartoon diagrams based on [9].

Recently, novel self-assembled composite films composed of VA-MWCNTS
[1,2] combined with multiple layers of graphene, arranged perpendicular the
CNTs‘/CNFs‘ axes have been reported. The unique structures of these self-assembled
composites are promising for various applications that would benefit from this type of
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architecture. An overview of the literature for these experiments is discussed in section
1.2.7.

1.3.3 Key processing methods for CNTs/CNFs
CNTs and CNFs are produced by various methods such as arc discharge [6,26],
laser ablation [27], high-pressure carbon monoxide conversion process [28] and various
chemical vapor deposition (CVD) techniques [8,9]. Here, only the CVD method is
reviewed.
CVD is a very popular processing method because it is a relatively simple
technique that is economical and well suited for large scale production of CNTs/CNFs
[28]. The CVD process allows the growth of CNTs/CNFs directly on a substrate at
relatively low temperatures making it suitable for use in electronic or complementary
metal-oxide-semiconductor (CMOS) applications [8]. The ability to grow CNTs/CNFs at
low temperatures is also important when a low thermal budget material, such as soda
lime glass, is used as a supporting substrate. The softening temperature of soda lime
glass is near 550 °C [29,30] so it is necessary to be able to produce CNTs/CNFs at lower
temperatures than this.
Potential applications such as bio and chemical sensing [12] and field emission
devices [8,9] require the growth of vertically aligned CNTs/CNFs (VA-CNTs/VA-CNFs)
that are arranged perpendicular to the support layer (or substrate surface). Currently, the
CVD method is the only synthesis method that allows control over the placement and
alignment of CNTs/CNFs on a substrate [8,9].
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There are various types of CVD methods, but two of the most popular types for
growing VA-CNTS/VA-CNFs are thermal CVD (TCVD) and plasma enhanced CVD
(PECVD) [8,9]. Although PECVD is successfully used at relatively low temperatures to
grow VA-CNTs/VA-CNFs, in terms of scaling up, this method is not easily able to
produce uniform VA-CNTs/VA-CNFs over large substrate areas due to plasma instability
[28,30]. In contrast, state-of-the-art TCVD technology allows for the fabrication of VACNTs/VA-CNFs over large areas, although commonly at higher temperatures [30].
TCVD is often performed at atmospheric pressure but can also be carried out at low
pressure (LPCVD).

LPCVD is useful for controlling the packing density of VA-

CNT/VA-CNF (important for certain types of applications) which is achieved by
minimizing the carbon supply and controlling the growth rates.

1.3.4 CVD parameters for growth of CNTs/CNFs
In general, growth of CNTs/CNFs by the CVD process involves the catalytic
decomposition of carbon source gas(es) (methane, acetylene, ethylene, carbon monoxide,
etc.) on metal(s) (typically transition metals such as Fe, Ni and Co). Other gases, such as
nitrogen, argon, ammonia, hydrogen, are often used in the process to act as the carrier,
diluting, etchant, doping or reducing gas(es). Processing temperatures are usually in the
range of 400 °C to 1000 °C. [8].
The two main types of CVD used for producing VA-MWCNT/VA-MWCNF are
TCVD and PECVD. There are two types of methods used to introduce the catalyst: 1) a
floating catalyst method where by the catalyst is typically supplied from a gas source
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during the CVD process (no substrate used) and 2) the supported catalyst method where
the catalyst is deposited on a substrate prior to the initiation of CNT/CNF growth. In this
dissertation, only the supported catalyst method will be discussed.
The typical apparatus used for TCVD consists of a quartz tube placed within a
tube furnace though which carbon source gas(es) and/or other gases (Ar, N2, H2, etc.)
flow (Fig. 1.2). The heat for the reaction of this type of system is supplied from the
furnace [9]. Since TCVD is typically performed at atmospheric pressure, the TCVD
parameters that must be considered are the temperature, growth time, gas types (carbon
source and co-gas(es)), gas flow rates and the ratio of source gas to co-gas. Other
parameters involved, such as the substrate, catalyst, catalyst underlayer system and
catalyst pre-treatments, must also be considered and will be discussed further in section
1.3.5.

FIGURE 1.2 Cartoon schematic showing a typical tube-furnace-type TCVD system.
Figure based on [9].
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PECVD is similar to TCVD, but the heat for the reaction is not supplied by
thermal means. Instead, plasma is generated that activates the gas molecules by electron
impact and thus reduces the activation energy for carbon deposition which can allow
growth at lower temperatures [9]. A typical PECVD apparatus is shown in Figure 1.3.
It‘s important to mention that there are several sub-categories of PECVD based on the
type of plasma generation used. These include hot-filament dc, microwave, magnetron
type radio frequency, inductively coupled plasma, etc. [9].

Complexity of CVD

parameters increase with the PECVD process, due to the plasma environment. For
instance, the current and voltage setting affects the plasma power. The total pressure and
the ratio of the source gas to the ―etchant‖ gas must also be carefully controlled. By
varying the temperature and the ratio of the carbon source gas (acetylene, C 2H2) to the
etchant gas (ammonia, NH3), and holding all other parameters constant, Melechko et al.
showed that growth of VACNFs is significantly affected by the C2H2:NH3 ratio with
respect to temperature. The results ranged from graphitic carbon (increased ratio of
carbon), to high quality VACNF growth (optimal C2H2:NH3 ratios), to CNF remnants
(due to etching effects from increased ratio of NH3). The range of optimal ratios for
C2H2:NH3 was dependent upon temperature [9].
For the purposes of this dissertation, a plasma reactor was used but without
plasma generation.

Therefore, the processing parameters were somewhat more

simplified. The details are described in the current study section.
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FIGURE 1.3 Diagram of a typical PECVD apparatus.

1.3.5 Substrate, catalyst and catalyst underlayer
Some of the most common substrates used for CVD include quartz, silicon (Si),
Si with a SiO2 oxide layer, and alumina. The active catalyst is usually a transition metal
such as Ni, Co or Fe that is deposited onto the substrate by physical deposition or other
methods. There are many other catalysts that can also be used including binary or multimetal alloys. When a catalyst is deposited directly onto a Si substrate, a silicide can form
that may inhibit CNT/CNF growth [9]. Therefore, an oxide layer is often produced on
the Si substrate by thermal oxidation to act as a barrier to prevent silicide formation.
In the case where the active catalyst and/or metal underlayers are deposited onto
the substrate using physical deposition methods, the active catalyst becomes oxidized
upon exposure to ambient conditions. It is often important for the thin film to undergo a
pre-growth treatment in order to form discrete catalyst nanoparticles which serve to
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nucleate the growth of CNTs/CNFs. The pre-treatment of the catalyst system can be
performed in various ways such as H2 plasma [31] treatment, or annealing in the presence
of reactive gases, such as NH3 [32,33], or H2 [31]. Alternatively, annealing is done in the
presence of an inert gas, such as Ar [34]. It is also possible for the catalyst thin film to
become reduced during the growth process when reducing gases such as NH 3 or H2 are
used in conjunction with the carbon source gas(es) [8]. Another method that is used in
order to preclude the necessity of catalyst pre-treatment is the use of metal underlayers
[35].
Metal underlayers are deposited between the substrate and the catalyst layer. The
metal underlayer can serve various functions: 1) it can act as a barrier layer between the
substrate and the catalyst, thereby preventing silicide formation [9]; 2) it can be useful for
electronic applications that require a conductive underlayer and for devices that are
fabricated using current CMOS technology [36,37]; 3) it may provide surface roughness
and thereby increase active catalyst nucleation sites, thus eliminating the need for pretreatment of the active catalyst [35] and 4) it may act as an adhesion layer that creates a
stronger interaction between the catalyst and substrate creating a stronger interaction
resulting in base type growth of CNTs/CNFs (growth mechanism is discussed in the
section 1.2.6). On the other hand, it is more difficult to grow CNTs/CNFs on metallic
underlayers due to the possibility of alloy or intermetallic compound formation. The
thickness of the catalyst layer and the interaction with the substrate or underlayer will
influence the coarsening and dewetting and thus affect the structure of the CNT/CNF [8].
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1.3.6 Growth mechanisms of CNTs/CNFs for the CVD process
The growth mechanisms for CNTs/CNFs has been widely studied and highly
debated. Overall, it is generally accepted that growth occurs by the following mechanism
i) the hydrocarbon molecules adsorb and decompose on the catalyst surface, ii) diffusion
of carbon species occurs through bulk and/or surface diffusion through the catalyst
particle, iii) the precipitation of excess carbon nucleates the CNT/CNF structure [8,9].
Two widely accepted growth models exist in the case of a supported catalyst, 1) tip
growth and 1) base growth [38]. In general, the type of growth that occurs is driven by
the interaction between the catalyst and the substrate (or underlayer). This is thought to
be due to the wetting of the catalyst particles and can be characterized by the contact
angle between the catalyst nanoparticle and the catalyst support [9]. If the interaction is
weak (large contact angle), the CNT/CNF will grow by a tip growth method [39] in
which the catalyst particle loses contact with the substrate and is pushed upward as the
CNT/CNF forms beneath (Fig. 1.4 (a)). On the other hand, if the interaction is strong
(small contact angle) the growth proceeds by a base growth method [40]. In the case of
base growth, the catalyst particle remains in contact with the catalyst support while the
CNT/CNF forms above the catalyst particle (Fig. 1.4 (b)).
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FIGURE 1.4 A simplified cartoon showing (a) tip growth mechanism and (b) base
growth mechanism for CNFs.

1.3.7 Literature review of novel VA-MWCNT/GL composites grown by CVD
Understanding the growth mechanisms of novel VA-MWCNT/GL composites are
of interest for the tuning of these structures for specific applications. Very little research
exists in this area, as to the best of our knowledge, only three reports of self-assembled
VA-MWCNT/GL composites are found in the literature. The following review of the
literature is of specific relevance to this dissertation.
Tables 1.1 and 1.2 give a summary of the experimental conditions (Table 1.1) and
the descriptions of novel VA-MWCNT/GL composite structures and the proposed growth
mechanism for each (Table 1.2). The composites by Kondo et al. [1] and Jousseaume et
al. [2] were produced by TCVD using a chamber, rather than a tube furnace set-up as
shown in Figure 1.2. Instead, both use a chamber type system and Kondo et al. uses a
relatively low pressure of 7.5 Torr. Heating occurs via a substrate heating stage (cold
wall system) rather than from a furnace. This aspect is of interest with respect to this
dissertation due to the similarities of the apparatus used to grow VA-MWCNT/GL
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composites (or VA-MWCNF/GL composites). It is not known if Jousseaume also uses
low pressure (the gas flow rate, total pressure and heat source are not given in the
Jousseaume paper).

TABLE 1.1 Summary of prior research on VA-MWCNT/GL composites.
Investigator:

Kondo et al.

Jousseaume et al.

Labunov et
al.

Year Published:

2008

2011

2010

CVD – DXZ chamber

Injection
CVD –
tubular silica
reactor

Ni/TiN

N/A

Ni: 6
TiN: 10

N/A

Si

Si/SiO2

Process:

Catalyst/Underlayer
Catalyst/Underlayer
Thickness (nm)
Substrate
Catalyst Pretreatment
Pre-treatment Time
(min)
Growth Recipe

Flow Rate (sccm)
Pressure (Torr)
Temperature (°C)
Growth time (min)

Result

LPCVD-Low
P chamber,
substrate on
heating
stage
Co/TiN
Co: 2.1, 2.6,
3.0, 3.6
TiN: 5
Si/SiO2
None

Ar flow

None

Ar flow

None

N/A

15

N/A

15

N/A

C2H2:Ar
1:9 (Total
200)
7.5
510
10

VAMWCNT/GL
composite

550

VAMWCNTs
only, tip
growth due
to
dewetting

C3H6

Fe(C5H5)2 in
fluid
hydrocarbon
C8H10 with Ar

-

100

550
-

400-450

Atm
850

VAMWCNT/GL
composite,
base
growth

VAMWCNT/GL
composite;
degradation
of GL and
less than 1
μm
thickness

VA-CNT/GL
composite
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The composite by Labunov et al. [34] was produced using a floating catalyst
method, therefore the growth mechanism is expected to differ from the supported catalyst
method, and as such, is not the focus of this dissertation.

TABLE 1.2 Summary of prior research of VA-MWCNT/GL composite structures and
proposed growth mechanisms.
Investigator

Composite
Structure

Kondo et al.

Jousseaume et al.

Labunov et al.

VA-MWCNT/GL
Smooth graphene layer 4 –
30 nm thickness depending
on catalyst thickness

VA-MWCNT/GL
Smooth graphene layer
composed of <10 layers of
graphene for T = 550°C
Graphene layer degraded at
lower T
Composite height – 2 μm

VA-MWCNT/GL
Nanoscale roughness of
graphene layer ~ 25 nm
thick

Composite height – 5μm
Good quality MWCNTs ~
10 nm outer diameter

Proposed
Growth
Mechanism

Comments

1) Co catalyst film in
oxidized state
2) Graphene layers form
first
3) Co turns into
nanoparticles initiating
MWCNT growth
4) MWCNTs grow
downward from GL by tip
growth
5) Co particles found
mostly at interface
Catalyst thickness
important to prevent
formation of nanoparticles
during the initial stages –
important for composite
formation
(< 1nm Co leads to CNT
formation only)

MWCNTs - no images
shown of TEM
CNTs are wider at interface
and narrow towards the
substrate
1) Thickness of Ni causes GL
to form first
2) Ni dewetting leads to
CNT formation
3) Thinning at base of CNT is
due to loss of catalyst
material as growth
proceeds
4) Base growth mechanism

Pretreatment of catalyst
with Ar for 15 minutes
results in dewetting of
catalyst and only MWCNTs
grow

Composite height – 2.3
μm
CNT structure is not
discussed and no TEM
images are shown
CNTS or CNFS?
Combined CNT-GL
mechanism
1) Fe deposition
2)Carbidization cycle
3)Carbonization cycle
4)Both GL and CNT
proceed throughout by
both tip and base growth
mechanism
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Kondo et al. show a relatively linear correlation in the thickness of the Co catalyst
film and the thickness of the graphene multi-layer [1]. However, when the thickness of
the catalyst was below 1 nm, only CNTs were produced. Jousseaume et al. found that a
15 minute catalyst pre-treatment with Ar resulted in only CNT production when the
growth temperature and the VA-MWCNT/GL composite was produced when pretreatment was not used (growth was carried out at 550 °C) [2]. However, they found that
when the temperature was lowered (400 – 450 °C), pre-treatment was Ar was necessary
to produce the composite structure.
FESEM images of a VA-MWCNF/GL composite (produced in our studies), that
has a similar structure to those described in the literature, are shown in Figure 1.5.

FIGURE 1.5 (a) Side view and (b) tilted view FESEM images of a VA-MWCNF/GL
composite produced in our study. Arrows point to the GL and the MWCNFs. This
composite is similar in structure to those presented in the literature described in Table
1.2.
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1.3.8 Raman analysis of CNTs/CNFs
Raman analysis is one of the most widely used techniques used to characterize
carbon materials. The relative order or disorder of the carbon material and its optical
properties can be determined from characteristic Raman modes. In the case of SWCNTs,
Raman can provide information about the tube diameter and distinguish if the tube is
metallic or semiconductive [41]. The Raman mode that is used to determine the SWCNT
diameter is called the radial breathing mode (RBM) and is typically located in the range
of 75- 300 cm-1. The RBM is not observed in MWCNTs with the exception of MWCNTs
that have an inner diameter of less than 3 nm [41]. Although not as much information
can be gleamed from the Raman spectra for MWCNTs/MWCNFs, the quality of the
carbon structure can be assessed. For MWCNTs and MWCNFs, the dominant Raman
modes are the G-band (~ 1500-1600 cm-1) and the D-band (around 1250-1450 cm-1). The
G-band (graphite) correlates to the order and symmetry of the carbon structure and the Dband (disorder) relates to the disorder and indicates the presence of defects [42]. The
ratio of the intensity of the D-band (ID) to the intensity of the G-band (IG) provides
information about the degree of order, or quality of CNTs/CNFs. The I D/IG is sometimes
referred to as the R-factor. A large value for the R-factor indicates a high degree of
disorder, while a small value R-factor value implies a more ordered and quality structure
[42,43].

1.3.9 Background of natural black and white chalks used in old master drawings
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Natural black chalk is a type of schist that was quarried from natural deposits and
shaped into sticks that could be used for drawing, or ground into powder to be used for
painting [4]. The use of natural black chalk as a drawing medium is noted as early as the
beginning of the 15th century and its use became widespread as a popular European old
master drawing medium by the end of the 15th century. Natural black chalk was favored
for several centuries and was used by old master artists such as Michelangelo Buonarotti,
Leonardo da Vinci, Peter Paul Rubens, Rembrandt van Rijn and many others. The
widespread use of natural black chalk ended in the 18 th century as synthetic chalks
became commercially available [4].
Two types of natural white chalk were also used by European old master artists,
tailor‘s chalk (steatite) and calcite. The use of steatite natural white chalk as a drawing
medium began near the end of the 14 th century. Considered a massive form of talc,
steatite is primarily composed of H2Mg3(SiO3 )4 and is known to have a greasy
characteristic [44]. In comparison, calcite natural white chalk has been used as drawing
sticks beginning as early as the 17th century. Calcite is a type of limestone composed of
intact, and broken, disc-shaped coccoliths. Like the natural black chalks, the natural
white chalks were replaced by the availability of synthetic chalks and crayons beginning
in the 18th century [4]. The vanishing use of natural chalks as drawing media has resulted
in a loss of familiarity (of the history, geology and physical characteristics) of these
chalks in today‘s artistic community [4].
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1.4

Dissertation format
This dissertation is formatted in the appendix style in which the main research is

presented as published papers, as papers that have been submitted for publication, or as
papers in preparation of submission for publication. The paper title, authors and status
are summarized in Table 1.3.

TABLE 1.3 List of publications that have been published, submitted for publication and
in preparing to be submitted.
Appendix

Title of Manuscript, Authors, and Current Status

A

Composite films of vertically aligned carbon nanofibers with
graphite layer grown by low temperature, low pressure chemical
vapor deposition.
M. Ellis, T. Jutarosaga, S.M. Smith, Y. Wei, S. Seraphin
Submitted to Carbon.
The effect of catalyst system pre-treatment on vertically aligned
carbon nanofiber-graphite layer composites.
M. Ellis, T. Jutarosaga, S.M. Smith, S. Seraphin
In preparation for submission.
Natural black chalk in traditional old master drawings.
T.D. Mayhew, M. Ellis, S. Seraphin
Journal of the American Institute for Conservation 49(2010):83-95
Steatite and calcite natural white chalks in traditional old master
drawings.
T.D. Mayhew, M. Ellis, S. Seraphin
Submitted to Journal of the American Institute for Conservation.
The nature and evolution of metalpoint grounds from the 4 th to the
16th century.
T.D. Mayhew, M. Ellis, S. Seraphin
In preparation for submission to the Journal of the American
Institute for Conservation.

B

C

D

E

1.4.1 Statement of Author‘s original contribution
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The work presented in this manuscript is part of larger collaborative projects. The
author‘s original contribution is summarized as follows.
The study of MWCNF samples were part of a larger collaboration with Motorola
in Tempe, AZ. All samples were produced at the Motorola facility by Tula Jutarosaga
who was involved in CNT research there. The objective was to produce VA-CNT thin
films for field emission device and gas sensor applications.
The samples were given to the author to characterize and to determine the
relevance to the field. The author performed materials characterization on several sets of
samples. TEM, FESEM and combined SEM-Raman microanalysis were used to study
the samples.

The observation of the graphitic structure of capping layer that was

originally thought to be amorphous, led to the recognition that the structures are actually
MWCNF/GL composites with varied structure depending on the catalyst/underlayer used.
Optimization of Raman acquisition parameters for these samples allowed the
determination of the composite film quality with respect to experimental conditions and
allowed the discovery of a composite film that is composed of MWCNF/GL combined
with MWCNTs with small inner diameter. The author proposed a growth mechanism for
the formation of the VA-CNF/GL composite based on experimental observations and
literature review. The author identified the relevance to the field and composed the
manuscript in Appendix A with the collaboration of the co-authors.
The investigation of the VA-MWCNF/GL composites was continued by the
author to determine to what extent the nature of the VA-MWCNF/GL was affected by
experimental conditions by selecting appropriate samples from the Motorola sample set.
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This study is expected to be useful towards the advancement of self-assembled graphitic
based composites.

The manuscript in Appendix B was composed by the author in

collaboration with the co-authors.
Bulk natural black chalk samples and samples of natural black chalk applied
with various techniques to paper were provided to the author by Timothy D. Mayhew for
analysis. SEM/EDS analysis was performed to verify that the elemental composition and
physical characteristics of a modern source of Normandy natural black chalk was similar
to the natural black chalk documented in the historical literature.

Morphological

information on the chalk particles and SEM analysis of the chalk/paper interaction
provided insight as to why natural black chalk tends to adhere to the paper better than
natural white chalk, which is important to conservation. This work is published in the
Journal of the American Institute for Conservation (JAIC) and is presented in the
manuscript attached as Appendix C.
Bulk natural white steatite and Belgium chalk samples, and samples of natural
white chalks applied with various techniques to paper were provided to the author by
Timothy D. Mayhew for analysis. The author prepared the samples for analysis and
performed SEM/EDS on the bulk chalk samples and obtained SEM images of the chalk
applied to paper. SEM analysis of the particle morphology of bulk natural white chalks,
and of these chalks applied to paper, was done to provide some insight of why natural
white chalk is more susceptible to abrasion than natural red or black chalks in extant
chalk drawings. This insight is important to the conservation of extant chalk drawings.
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The SEM/EDS results are a key component to the research that has been submitted to
JAIC for peer review. The manuscript is attached as Appendix D.
As part of the future work for this dissertation, the study of natural chalks and
techniques used in old master drawings is extended to include a study of the use of
metalpoint drawing materials in old master drawings, as briefly discussed in section
3.2.2. Metalpoint grounds, supports and stylus mark specimens were prepared using
traditional methods by Timothy D. Mayhew and sent to the author for SEM/EDS
analysis. The author prepared the samples for analysis and performed SEM/EDS on
powdered calcined bone and powdered calcined antler samples.

SEM analysis was

performed on the metalpoint grounds, supports and stylus marks. The SEM investigation
of the metalpoint stylus metals, various grounds and supports is important for
understanding how the use of these materials evolved from the 4 th through the 16 th
century. The manuscript for this research is in preparation for submission to JAIC for
peer review and publication. The manuscript is attached as Appendix E.
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CHAPTER 2
PRESENT STUDY
The methods, results, and conclusions of this present study are presented in the
manuscripts appended to this dissertation. A description of the Raman experimental
analysis is presented followed by a summary of the most important findings in each
appended manuscript.

2.1

Optimization of Raman acquisition parameters
In order to obtain Raman spectra of MWCNF/GL composite films, it was

necessary to first optimize the Raman acquisition parameters due to the very thin nature
of the samples (low signal) and the tendency for fluorescence to occur and swamp the
Raman signal.

FIGURE 2.1 (a) Image showing the Renishaw Structural Chemical Analyzer interface
and the Hitachi S-3400N SEM and (b) the laser source and spectrometer.
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2.1.1 Experimental method for the optimization of Raman acquisition parameters
The samples were analyzed using a S-3400N Hitachi SEM equipped with a
Renishaw Structural Chemical Analyzer (SEM-SCA). This instrument configuration is
state-of-the art and affords the ability to obtain Raman and SEM analysis simultaneously.
The position of the laser beam (< ~1um probe size) can be correlated to the position on
the sample, thus allowing a non-ambiguous analysis. The laser source for this system is a
514 nm argon laser. The instrument configuration is shown in Figure 2.1.
Laser power (~50 and 100 percent) and neutral density filter (NDF) settings of 25,
50 and 100 percent were systematically varied using the SEM-SCA in order to determine
the best acquisition parameters, avoid fluorescence and to access the possibility of sample
damage. NDF settings are controlled by the Renishaw 2.0 Wire software and they
provide a way to attenuate the laser power. The filters can be set to allow 100, 50, 25, 10
or 0 percent transmittance of the laser power. The laser power at the sample is expected
to be between 6-8 mW when a laser power setting of 100 percent is used with a 0 percent
NDF compared to 3-4 mW and 1.5-2 mW when the NDF is set to 50 percent and 25
percent, respectively.

Similarly, assuming an approximately 50 percent laser power

setting, the laser power at the sample would be estimated to be around 3-4 mW, 1.5-2
mW and 0.75-1 mW for NDF settings of 0, 50 and 25percent respectively1. The sample
used for the Raman acquisition parameters optimization was a VA-MWCNF/GL
composite grown using the conditions in Table 2.1, row 1.

1

Email communication from Dr. Alan Brooker. Former SEM-SCA Product Manager,
Spectroscopy Division, Renishaw plc. Old Town, Wotton-under-edge, Gloucestershire.
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TABLE 2.1 Summary of experimental conditions used to produce MWCNF/GL
composites. Row 1 shows the conditions for the composite used to optimize the Raman
acquisition parameters, rows 2 and 3 show the conditions for samples described in
Appendix B.
Catalyst
System

Cat A-2
Cat A-2
Cat A-2

Catalyst
Pretreatment
None

Gas Conditions

C2H2:NH3
(200:400sccm)with 600
sccm Ar dilution gas

1

445

Growth
Time
(min)
10

None

C2H2:NH3
(500:1000 sccm)
C2H2:NH3:CO
(1000:2000:500 sccm)

2

445

10

2

445

10

NH3 –
1 minute

Press
(Torr)

Temp
(°C)

2.1.2 Results for the optimization of Raman acquisition parameters
Figure 2.2 (a) and (b) show that the laser power and NDF affect the signal to
noise ratio of the Raman spectrum and influence the occurrence of sample fluorescence.
In the example shown in Figure xx using three different settings of the NDF with (a) ~50
percent laser power and (b) 100 percent laser power, the greatest interference from
fluorescence occurs when the laser power is at the maximum setting and the NDF is set to
100% transmittance. At this setting, the spectrum is dominated by the fluorescence
signal which occludes the Raman signal for discernable G and D-band peaks (Fig. 2.2
(b)). It was found that the optimum settings for the NDF and laser power is highly
sample dependent. Therefore, the optimal NDF ranged from 10 – 50 percent with an
optimal laser power setting of approximately 50 percent for these samples.
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FIGURE 2.2 Raman spectra of a VA-MWCNF composite used to optimize the Raman
acquisition parameters. (a) Spectra were obtained using ~50 percent laser power and (b)
100 percent laser power while varying the neutral density filter settings.

Laser damage of the samples, described in Appendix A, was not apparent for any
of the settings. Sample movement during Raman acquisition typically did not occur
allowing for correlation of the position of the laser on the sample with the image of the
sample. However, this was not the case for samples that were grown using different
experimental conditions, (Table 2.1, rows 2 and 3), and described in Appendix B. Figure
2.3 shows the laser damage that occurs during Raman acquisition for these samples.
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These results are a strong indication that the CVD experimental parameters have an effect
on the thermal properties of the composites when comparing MWCNF/GL composites
described in Appendix A with those described in Appendix B. A good Raman signal was
for the samples of Appendix B was not able to be obtained due to the damage of the film
and high signal to noise ratio.

FIGURE 2.3 Low resolution SEM images showing laser damage on VA-MWCNF/GL
composites using two sets of Raman acquisition parameters (a, c) 50% laser power (LP)
with a 10% ND filter and (b, d) 50 % LP with a 25% ND filter. The experimental
conditions for the composites are summarized in Table 2.1 (a, b) column 2 and (c, d)
column 3.

2.2

Composite films of MWCNF/GL grown at low temperature by LPCVD
This study examines the effect of the catalyst underlayer system and the dilution

gas on the morphology and structure of MWCNF/GL composites grown at low
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temperature (445 °C) and low pressure (1 Torr) CVD (LPCVD) and is detailed in
Appendix A. The experimental conditions are summarized in Figure 2.4 and Table 2.2.

FIGURE 2.4 Cartoon of the varied catalyst underlayer system used in this study.
Catalyst pre-treatment was not performed. The thickness of the layers is not to scale.

TABLE 2.2 Summary of experimental conditions. Carbon source gas:reducing gas ratio,
temperature, pressure and growth time were held constant. Dilution gas type (Ar) vs (N 2)
and dilution gas flow rate were varied (600 vs 3000 sccm).
LPCVD Conditions Held
Constant
C2H2:NH3
(200:400 sccm)
Temp = 445 °C
Pressure = 1 Torr
Growth Time = 10 min

Varied Conditions
Dilution Gas
Ar
N2
N2

Dilution Gas Flow
Rate (sccm)
600
600
3000

It was found that the morphology and structure of MWCNF/GL composites varies
significantly with the catalyst underlayer system used. The morphology and quality of
the composites are found to be affected by the type of dilution gas used and/or by the
dilution gas flow conditions. The effect of the dilution gas varies with the catalyst
underlayer system. The effect of the underlayer system on the morphology and structure
of the films is thought to be due to interactions between the catalyst and underlayer due to
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wetting behavior, catalyst diffusion, possible inter-metallic compound formation and
thermal stresses.
Raman analysis complemented TEM analysis by signaling the presence of
MWCNTs with very small inner diameter (< 1 nm) which led to the detection of a
combined MWCNT/MWCNF/GL composite produced using one of the catalyst
underlayer system. The presence of Au in the underlayer system contributes to increase
MWCNF density, vertical alignment and length.
A growth mechanism was proposed to explain the morphology of the VAMWCNF/GL composites.

The proposed growth mechanism can be summarized as

follows: 1) first, the GL forms as a planar layer on the surface of oxidized catalyst film;
2) as the GL continues to grow, the nature of the catalyst film begins to change (most
likely due to reduction of the catalyst in the presence of the reducing gas, NH 3) which
leads to the formation of individual catalyst particles as it dewets the surface; 3) the
graphene layers of the GL show a change in orientation that suggests a shape evolution of
the catalyst particles and the initiation of CNF growth; 4) CNF growth proceeds by a base
growth method; 5) uneven growth of the CNFs (and/or stress in the GL) cause some of
the catalyst particles and growing CNFs to lift away from the catalyst support while
remaining attached to the GL; 6) the detached particles and fibers are pushed upward,
away from the substrate, by the growing CNFs whose catalyst particles are still firmly
attached to the substrate; 7) at some point, growth slows (or ceases) for fibers whose
catalyst particles have lifted away from the substrate; 8) the various lengths of CNFs
observed in these composites suggest that catalyst particles continue to lose contact with
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the surface as the growth proceeds, leaving a lower density of fibers still firmly attached
to the substrate at the end of the growth time.

2.3

The effect of catalyst system pre-treatment on VA-MWCNF/GL composites
This study, described in Appendix B, builds upon the investigation described in

Appendix A. The intent of the study is to examine if the structure of the GL of VAMWCNF/GL composites can be modified, by catalyst pre-treatment, in order to tune the
composite structure, thus making it tunable for various applications. In this study, only
the catalyst underlayer system that produces VA-MWCNF/GL composites is used, while
the catalyst system pre-treatment methods, growth gas recipes and growth time were
varied. The experimental conditions, for a total of eight samples, are summarized in
Table 2.3.
The results of this study show that the catalyst pre-treatment conditions have a
distinct effect on the structure of the GL and on the overall structure of the VAMWCNF/GL composite structure and the composite film height. The orientation of the
graphene layers comprising the GL changes from relatively planar layers (seen in the
untreated sample and similar to what is found in the VA-MWCNF/GL sample produced
using the same catalyst underlayer system described in Appendix A) to scalloped and
curved graphene layer conformations. The degree to which the effect occurs is dependent
on the H2 plasma or NH3 plasma treatment time.

Composite film density, vertical

alignment and GL continuity significantly decrease with increasing H 2 plasma catalyst
pre-treatment time causing a break-down in the VA-MWCNF/GL structure. On the other
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hand, catalyst system pre-treatment with NH3 results in modified versions of the
untreated sample. Vertical alignment of the composite and GL continuity is retained
although the surface of the GL is roughened and wavy. Increasing NH 3 pre-treatment
times reduces the composite film thickness but the GL layer structure is not observed to
change significantly with increased NH3 pre-treatment time.

TABLE 2.3 Summary of catalyst pre-treatment and CVD parameters for the production
of VA-MWCNF/GL composite films described in Appendix B. Temperature (445 °C)
and pressure (2 Torr) were kept constant for all conditions.

Catalyst
Pretreatment
none

Pretreatment
Time
(min)
10

H2 plasma

1

H2 plasma

5

H2 plasma

1

H2 plasma

1

H2 plasma

5

NH3
(no plasma)
NH3
(no plasma)

1
10

Growth Recipe
(sccm)

Growth Time
(min)

C2H2:NH3
(500:1000)
C2H2:NH3
(500:1000)
C2H2:NH3
(500:1000)
C2H2:NH3:CO
(1000:2000:500)
C2H2:NH3:CO
(1000:2000:500)
C2H2:NH3:CO
(1000:2000:500)
C2H2:NH3:CO
(1000:2000:500)
C2H2:NH3:CO
(1000:2000:500)

10
10
10
3
5
3
10
10

In summary, even a short, one minute pre-treatment with H2 plasma results in a
breakdown of VA-MWCNF/GL composite structure which is not the desired effect. Pre-
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treatment with NH3 gas, on the other hand, produces a less dramatic effect with time of
pre-treatment and can be use to modify the structure of the GL and composite height.
However, the effect of the modified structure on the properties of the composite is not
known as will be considered in the discussion of future work section of this dissertation.

2.4

Natural black chalk in traditional old master drawings
This study involves SEM and EDS analysis of a contemporary source of natural

black chalk drawing media. A re-print of the manuscript published in the Journal of the
American Institute for Conservation (JAIC) is attached as Appendix C to this manuscript.
In summary, bulk natural black chalk samples and samples of natural black chalk applied
to paper using various old masters drawing techniques were analyzed by SEM and EDS
to determine the microstructure and elemental analysis of the bulk chalk samples and to
investigate the morphology of the chalk applied to paper using different techniques.
SEM and EDS provides critical information about the morphology and sub-micron
details of the chalk particles, how the chalk/paper interaction is affected by the
application technique and elemental information about the bulk.

2.5

Steatite and calcite natural white chalks in traditional old master drawings
This study is very similar to the study described in Appendix C, with the

difference being that it focuses on steatite and calcite natural white chalk instead of
natural black chalk. SEM and EDS analysis techniques are also similar to that of the
black chalk study. However, these samples proved to be quite challenging to image due
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to the nature of the chalk and the lack of adhesion to the paper which caused problems
with charging and therefore, imaging.

Repeated attempts to eliminate the charging

resulted in images that are of high enough quality to be considered for publication. SEM
analysis of the bulk chalk samples and the applied to paper samples provide significant
insight into the way that the chalk particles interact with and adhere to the paper. This is
not only important from an art conservation stand-point, but also for being able to use
these materials to recreate the techniques and the effects used in old master drawings.
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CHAPTER 3
CONCLUSION AND FUTURE WORK
3.1

Summary of Dissertation

3.1.1 Investigation of MWCNF/GL composites summary
The main accomplishment of this research is the contribution to the field of study
involving the growth of MWCNFs with emphasis on VA-MWCNF/GL composites
grown at low temperature using LPCVD. Electron microscopy was used to identify the
graphitic structure of the GL (previously thought to be an unwanted amorphous carbon
capping layer) and to identify different types of MWCNF composite structures produced
using various CVD parameters and catalyst underlayer systems. Raman analysis was
used to determine the quality of MWCNF composites and led to the identification of
MWCNT/MWCNF/GL composites produced with one of the catalyst underlayer system
conditions. A growth mechanism for VA-MWCNF/GL composites was proposed in an
attempt to understand the formation of the GL and the transition to VA-MWCNFs to
form the composite structure.

3.1.2 Analysis of natural chalks in old master drawings summary
The main objective of this study was to use SEM/EDS to characterize natural
black chalk and natural white chalks to determine the elemental composition and particle
morphology of the chalk in bulk form. SEM was also used to determine the chalk
particle morphology and interaction with the paper when applied using traditional
drawing techniques. The SEM images of the natural chalks applied to paper provided
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significant insight leading to a better understanding of why black chalk is more resistant
to abrasion than natural white chalks which is important for the conservation of extant
chalk drawings.

3.2

Future work

3.2.1 Future work on MWCNF/GL composites
Many questions arose during the course of this research which led to thoughts for
future work. This section is a summary of the future work that could be carried out in
order to answer some of those questions.
How does the catalyst underlayer system affect the composite structure? The
observation that the catalyst underlayer system has a significant effect on the type of
MWCNF composite structure that forms underlines the need for further research in this
area. It would be helpful to study the catalyst underlayer system in various states, such as
1) as-deposited and 2) after pre-treatment. FESEM analysis of the as-deposited catalyst
underlayer would be useful for understanding the structure of the oxidized thin film prior
to the initiation of growth. In addition, analysis of the pre-growth treatment of the
catalyst systems would be beneficial for understanding the wetting behavior, and/or the
etching effect of the pre-treatment. However, the observation of the catalyst system after
pre-treatment would expose the catalyst to ambient conditions and introduce artifact in
the results.
The possible interplay between metallic layers (Au/Al) or between (Al/Ni) also
must be considered and leads to the following question: Does the formation of an inter-
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metallic compound occur between the Au layer and the Al layer? Does this contribute to
the vertical alignment and increased density of longer MWCNFs?

Inter-metallic

compounds are known to form at the interface between Au and Al in wire-bonds which
are used in integrated circuits. The Au/Al inter-metallic compound can form Kirkendall
voiding under certain conditions [45]. Studies on the diffusion of Al and Au to form
inter-metallic compounds may be useful in understanding the role of the catalyst
underlayer system on the composite formation and morphology.
Does the thickness and nature of the oxide layer contribute to the disparity in
composite morphology? This is an interesting question since the oxide layers were
produced by two different methods, 1) 500 nm TEOS oxide layer deposited by PECVD
and 2) 100 nm thermally grown oxide layer. It may be that the surface energy of the
TEOS oxide layer would vary from that of the thermally grown oxide layer which would
lead to different interactions between the oxide layers and the subsequently deposited
underlayers. Also, the heat source in the LPCVD process used in this study is the
substrate electrode. Could it be that the thickness of the oxide layer is contributing to the
structural differences? In order to answer this question, it would be necessary to repeat
the experiment, making sure that the Au, Al and Ni are of the same thickness for both the
TEOS oxidized substrate and the thermally grown oxide layer. This would rule out the
effect of the 1 nm differences in the Al and Ni between the catalyst underlayer systems in
question.
Another question to answer is how are the MWCNTs incorporated into the
MWCNF/GL composite? Initial SEM analysis was not able to show how the MWCNTs
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are incorporated into the MWCNF/GL composite.

TEM images of the MWCNTs

showed that the tubes (and other well ordered graphitic structure) were not associated
with catalyst particles and were observed separately from the MWCNF/GL structure.
What are the properties of the different morphologies? This question is important
for knowing how to tailor the MWCNF composites for specific applications. Laser
damage, of the samples described in Appendix B, but not for the samples described in
Appendix A demonstrates that different conditions produce composites with different
properties. There is still much work to be done to in order to answer this question.
What inverting the structure of the VA-MWCNF/GL composite by removing it
from the substrate? Figure 3.1 shows a section of a VA-MWCNF/GL composite that has
delaminated from the substrate. What types of applications would this be useful for?
Again, the properties of the modified structure would need to be investigated in order to
determine its usefulness for potential applications such as field emission devices or
sensor applications.

FIGURE 3.1 FESEM series of the underside of a VA-MWCNF/GL composite from the
sample set in the study described in Appendix B. This sample was produced from the
catalyst system without pre-treatment.
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3.2.2 Future work on the study of drawing media in old master drawings
The study of natural chalks and techniques used in old master drawings has
already extended to include a study of the use of metalpoint drawing materials in old
master drawings. The old master technique of metalpoint drawing involved the use of a
pointed metal stylus (made from non-ferrous metals or alloys), which the artist used to
draw on a support that was prepared with a special ground. The ground was made from
fine abrasive particles made of different types of materials that created a surface that
would abrade the metal stylus as it was dragged across the surface, thus leaving a faint
line [3]. The type of line that was left depended both on the properties of the metal stylus
and on the material used for the ground and support. SEM analysis is being used to
characterize the stylus metals and various grounds and supports in order to understand the
evolution and nature of metalpoint drawing materials from the 4 th to the 16th century.
This research is presented in the manuscript attached as Appendix E to this dissertation.
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Abstract

Multiwalled carbon nanofiber (MWCNF) films and combined multiwalled carbon
nanotube (MWCNT)/MWCNF films were produced thermally at low temperature (445
°C) and low pressure using chemical vapor deposition (LPCVD) and various metal
catalyst/nano-support layer combinations. The effect of the catalyst/underlayer system
and LPCVD dilution gas flow rate upon the morphology and microstructure of MWCNF
films was studied. Raman and electron microscopy were used to analyze MWCNF film
morphology, structure and quality. The MWCNF films were observed to have a graphitic
capping layer (GL) on the surface of the films creating a composite type structure. The
results showed that the catalyst/underlayer system significantly affected CNF film
morphology, structure and quality which resulted in various morphologies including:
vertically aligned MWCNF/GL composite films, combined MWCNT/MWCNF/GL
composite films, and MWCNF/GL composite films combined with disordered graphite.
Additionally, gas dilution (argon versus nitrogen) and flow rate, 600 standard cubic
centimeters (sccm) versus 3000 sccm, were found to have an effect on film morphology
and/or quality. A growth mechanism for vertically aligned MWCNF/GL composite films
was proposed.
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1. Introduction

The unique properties of carbon nanotubes (CNTs) and carbon nanofibers (CNFs) make
them suitable for a variety of applications. Figure 1 shows the difference in structure
between (a) a stacked cone type of multiwalled CNF (MWCNF) and (b) a multiwalled
CNT (MWCNT).

The inset in Figure 1 (a) is a cartoon model of a stacked cone

MWCNF from reference [1]. The cartoon shows that the stacked cone structure has
graphene walls that are non-parallel to the fiber axis. In contrast, there is a non-zero
angle between the graphene walls and the tube axis for MWCNTs (cartoon inset, Fig. 1
(b)). Melechko et al. give a thorough description of the structural differences between
CNTs and CNFs [1].
Although CNT and CNF properties are expected to be different based upon their
respective structures, it has been demonstrated that both CNTs and CNFs are promising
for many applications such as field emission devices [2-8], hydrogen storage [9,10],
conductive additives in polymer nanocomposites [11-13], biosensing, electroanalysis
[14,15] and gas sensing [16].
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Figure 1. (a) TEM image of a typical MWCNF with a stacked cone structure. The inset
shows a cartoon of a stacked cone MWCNF showing graphene walls that are non-parallel
to the fiber axis. (b) TEM image of a MWCNT with a relatively small inner diameter of
~ 1 nm. The inset shows a cartoon of a MWCNT with graphene walls parallel to the tube
axis. The cartoon inset in (a) and (b) are adapted from reference [1].

CNTs and CNFs are produced by various methods such as laser ablation [17], arc
discharge [18], high-pressure carbon monoxide conversion process [19] and many
chemical vapor deposition (CVD) techniques [1,17]. CVD is a widely used method
because it is a comparatively inexpensive and simple technique and is more economical
for large scale production of CNTs/CNFs [19]. The CVD method is thought to be the
process that is best suited for preparing CNTs/CNFs for use in electronic or
complementary metal–oxide–semiconductor (CMOS) applications because of the ability
to grow CNTs/CNFs directly on the substrate at relatively low temperatures [17]. The
ability to achieve CNT/CNF growth at low temperatures is also important when using
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low thermal budget materials, such as glass, for the supporting substrate. The softening
temperature of soda lime glass is near 550 °C [20,21] so it is very important to be able to
produce CNTs/CNFs at temperatures lower than this. Another important consideration
for some potential applications of CNTs/CNFs, such as bio and chemical sensing [15],
and field emission devices [1,17], requires the growth of vertically aligned CNTs/CNFs
(VA-CNTs/VA-CNFs) that are arranged perpendicular to the support-layer or substrate
surface. Recently, novel composite films composed of VA-MWCNTs with multiple
layers of graphene arranged perpendicular to the CNTs‘ axes have been reported [22,23].
The unique structure of these composite films is promising for applications in which
electronic properties in multiple directions can be useful.
Some types of CVD such as thermal CVD and plasma enhanced CVD (PECVD)
are popular methods for growing VA-CNTs and VA-CNFs [1]. Although PECVD is
commonly used to grow VA-CNTs/VA-CNFs at relatively low temperatures, this
technique faces the drawback of scaling up to produce uniform VA-CNT/VA-CNF over
large substrate areas [19,20].

On the other hand, state-of-the-art thermal CVD

technology already allows the fabrication of VA-CNTs/VA-CNFs over large areas,
although, often at higher temperatures [20].

Thermal CVD can be performed at

atmospheric pressure or at low pressure. Low pressure CVD (LPCVD) is preferentially
used to obtain control over growth rates by minimizing the carbon supply, which is
important for tuning the packing density of VA-CNF films for certain types of
applications. LPCVD is also important from a safety standpoint. The reactant gases are
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typically combustible and CNF growth at atmospheric pressure requires more
combustibles to be present.
Metal underlayers such as Al and Cr, are sometimes used between an insulating
substrate, such as SiO2, and an active catalyst layer such as Ni, Co or Fe [24]. A metallic
underlayer can have several functions: 1) it can act as a protective barrier between a Si
substrate and the active catalyst layer preventing the formation of a silicide [1]; 2) it can
eliminate the need for pretreatment of the active catalyst to form the desired catalyst
nanoparticle size because it may provide surface roughness and thereby increase active
nucleation sites [25]; and 3) a metallic underlayer can be useful for applications that
require the tuning of electrical conductivity conditions and for devices that are fabricated
using current CMOS technology [24,26].
Although much progress has been made towards the ability to grow patterned and
vertically aligned CNTs and CNFs, there still remains the need to obtain a better
understanding of the CVD processing parameters in order to have more control over the
properties of CNTs, CNFs and novel composite CNF films for specific applications
[1,17]. The need for growing CNTs/CNFs at low temperatures continues to be important
for CMOS industry applications and growing CNTs/CNFs directly on a metal underlayer
has proven to be much more challenging than growing CNTs/CNFs on insulating
supports [17].
In this paper, we present a systematic study of the effects of the catalyst
underlayer system and the dilution gas flow rate (carbon supply) on CNF/graphite layer
(GL) composite films grown at low temperature (445 °C) by LPCVD. The CNF/GL
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composite films are characterized by field emission scanning electron microscopy
(FESEM), transmission electron microscopy (TEM) and Raman to provide insight into
the growth mechanisms and the effect of the varied CVD processing parameters on CNF
film morphology, structure and quality. We find that by changing the catalyst underlayer
system, the structure and morphology of the CNF/GL composite films significantly
change thus giving us the ability to grow different types of films depending on the
desired application.

The effects of the dilution gas vary depending on the catalyst

underlayer system and may be useful for changing the characteristics of the film surface
or quality. A growth mechanism is proposed for a VA-MWCNF composite film that
provides insight on the effect of the catalyst underlayer system on the film structure.

2. Experimental

2.1 Growth of MWCNF/GL composite films

MWCNF/GL composite films were grown on silicon substrates by a LPCVD method
using nickel (Ni) catalyst and systematically varied underlayers. The catalyst, underlayer
and substrate variations are summarized in Figure 2 (a). The dilution gas type, argon
(Ar) or nitrogen (N2), and dilution gas flow rate, 600 standard cubic centimeters per
minute (sccm) of Ar or N2 or 3000 sccm of N2, were also varied while keeping the carbon
source gas: acetylene (C2H2), and the reducing gas: ammonia (NH3), at a constant flow
rate of 200 and 400 sccm, respectively. It is worth mentioning that using NH 3 as the
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reducing gas may result in the formation of carbon-nitrogen (C-N) bonding that may
impact CNF morphology, however, the detection of any C-N bonding is beyond the
scope of this study. A total of 15 CNF film samples were produced in this study (5
different catalyst underlayer systems with 3 different dilution gas conditions). Prior to
MWCNF/GL growth, the metal underlayers and the catalyst were deposited sequentially
by physical vapor deposition (PVD) onto an oxidized Si substrate. For samples A-1 and
A-2, a tetraethyl-orthosilicate (TEOS) oxide layer was deposited on the Si substrate using
a PECVD method. For samples B, C and D, a 100 nm layer of SiO2 was thermally grown
on the Si substrate. The oxide layers were used as a barrier material between the metal
underlayers and the Si substrate to prevent unwanted interaction. The MWCNF/GL
samples were grown using LPCVD techniques in a commercially available PECVD
reactor, a Novellus Concept 1-200, without plasma generation (Fig. 2 (b)). The samples
were placed on the carrier wafer in the Novellus reactor at pressure less than 1 Torr. The
carrier wafer was next placed onto the heated electrode (ground potential) at a
temperature of 445 °C. Lower temperatures (350 - 400 °C) were previously attempted;
however the best yield with the least defects occurred at the optimum temperature of 445
°C for this system. Then a mixture of C2H2:NH3 (200:400 sccm) with either 600 sccm of
Ar or N2 or 3000 sccm of N2 dilution were simultaneously fed into the reaction chamber
for a growth period of 10 minutes. All gases were then simultaneously discontinued and
pumped away while the samples were moved into a vacuum loadlock and allowed to cool
before removal.
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Figure 2.

(a) Catalyst and underlayer conditions for the LPCVD preparation of

MWCNF/GL composite films. The thickness of the layers is not to scale. (b) Diagram of
CVD reactor showing gas flow direction, the radio frequency power off and no plasma.
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2.2 Characterization of CNF/GL films

MWCNF/GL film morphology and structure were analyzed using a Hitachi 4500 FESEM
and a Hitachi H-8100 TEM. The angles of the graphene wall with respect to the fiber
axis and the inner and outer diameters of the MWCNFs were measured from high
resolution TEM (HRTEM) images using the Image J Program. A minimum of four
MWCNFs from each sample were measured at various locations along the tube. MicroRaman analysis was performed using a Hitachi S-3400N scanning electron microscope
equipped with a Renishaw Structural and Chemical Analyzer (SEM-SCA) with an
excitation wavelength of 514 nm and probe size of < 1 μm.

The SEM-SCA was

particularly useful for obtaining a non-ambiguous Raman signal because of the ability to
correlate the SEM image with the position of the Raman laser on the sample. In addition,
the SEM-SCA eliminated the need to move the sample from a conventional SEM to a
conventional micro-Raman spectrometer.
Raman analysis was performed on three randomly selected sites on each
MWCNF/GL film sample. The area on the resultant spectra between 1100 and 2000 cm -1
was selected for curve fit analysis. A series of three curve fits were performed on each
Raman spectra using the Renishaw 2.0 Wire software in order to obtain the average and
standard deviations for curve fit values. The curve fit properties were set to a 0.01
tolerance with 200 maximum iterations and an even weighting model was used. The
curve type used was a mix of 50% Lorentzian-Gaussian curve and the curve fit
parameters were default floated.
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3. Results and discussion

3.1.1 Morphology of MWCNF/GL films

FESEM analysis was performed on the MWCNF/GL films produced with the various
catalyst systems and dilution gas flow rates to determine the effects each had on the film
morphology. The results are shown in Figure 3 and summarized in Columns 1, 2 and 5
of Table 1.

3.1.2 The Effect of the Catalyst System on the Morphology of CNF/CL films

Figure 3 (a – l) shows FESEM cross-section and tilted views of CNF films produced
using 600 sccm Ar, 600 sccm N2 and 3000 sccm N2 with the Cat A-1 and A-2 systems.
These two catalyst systems varied from each other by only by a 50 nm layer of Au
between the TEOS layer and the Al layer (Fig. 3, cartoon of catalyst systems).
The effect of the catalyst system on CNF film morphology can be easily observed
when comparing Cat A-1 films (no Au) to Cat A-2 films (+ 50 nm Au). Cat A-1 samples
have a very low density of randomly distributed and non-aligned CNFs (Fig.3 (a-f)). In
contrast, the CNF films produced with the Cat A-2 system are a composite system of
densely packed VA-CNFs with a thin GL (confirmed by TEM) arranged perpendicular to
the axes of the fibers. The approximate CNF film thickness for the Cat A-2 samples

67

measures less than 800 nm (Fig. 3 (g - l)). The film morphology for these samples is
similar to recently published results by Kondo et al. [22] and Jousseaume et al. [23]. As
stated in the introduction, both of these groups report on a unique composite type
structure produced by CVD that consist of VA-MWCNTs capped by multiple layers of
graphene.
Similar to the results for the Cat A-2 system, CNF films grown using the Cat B
system also show a composite of VA-CNF/GL (Fig. 3 (m,n)). Although the CNF/GL
films are similar in morphology to those grown with the Cat A-2 system, there is a
noticeable difference in the nature of the film surface (Fig. 3 (j - l)). There appears to be
greater stress in the GL, partially due to the buckling effects of the uneven surface. The
differences between the Cat B system and the Cat A-2 system are 1) the 500 nm layer of
TEOS in the Cat A-2 system versus the 100 nm SiO2 layer in the Cat B system; and 2) a
thinner Ni catalyst and Al underlayer (3 nm Ni/6 nm Al for Cat A-2 versus 2 nm Ni/ 5
nm Al for Cat B). The effect of the underlayer system on the CNF film morphology is
apparent and may be partially explained by the initial thickness of the Ni catalyst (2 nm
for the Cat B system versus 3 nm for the Cat A-2 system). Kondo et al. observed that the
thickness of their catalyst layer (2.6 nm Co – 3.6 nm Co) was linearly related to the
thickness of the graphene multi- layer (~18nm – 30nm) in their composite films. Their
study shows that a 1 nm difference in catalyst thickness results in a significant difference
in the thickness of the graphene multi-layer [22]. There may also be effects related to
surface energy differences of the TEOS layer versus the SiO2 layer, although this effect
would need to be investigated further.
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Figure 3. (a – n) FESEM images of CNF/GL films grown using the Cat A-1, Cat A-2
and Cat B systems with either a dilution gas flow rate of 600 sccm Ar, 600 sccm N2 or
3000 sccm N2; (o) FESEM image of a CNF/GF film produced with the Cat C system and
600 sccm Ar; (p-r) FESEM images of a CNF/GF film produced with the Cat D system
and 3000 sccm N2. The cartoon insets of the catalyst systems are not to scale.
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Table 1. Summary of the effect of dilution gas flow rate and catalyst underlayer system.
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A metal underlayer is not used in the Cat C system samples; therefore, these
samples serve as the control to determine the effects of the metal underlayer system on
CNF/GL film morphology and structure for the Cat B and D systems. A representative
FESEM image of CNF/GL films grown using the Cat C system is shown in Figure 3 (o).
The morphology of the CNF/GL films grown with the Cat C system differs significantly
from those grown using Cat A-2 and Cat B. The films are comparatively thinner, less
than 250 nm, with some CNFs observed above the GL surface. The absence of the metal
underlayer significantly inhibits the growth and density of long CNFs.
FESEM images of CNF/GL films, produced with the Cat D system and 3000
sccm N2 are shown in Figure 3 (p – r).

The effect of the catalyst system on the

morphology and structure of CNF/GL films produced using the Cat D system is
noticeably different from other systems. CNF films, produced with the Cat D system, are
shown to have a mixed morphology composed of a relatively smooth film surface (Fig. 3
(p)) that is observed at random areas on the film and that transition into a rougher film
surface that has CNFs visible above the surface (Fig. 3 (q)). The rougher part of the film
surface is very similar what is observed for Cat C films. In addition, densely aligned
CNFs are also observed just under the smooth film surface as noticed on a section of film
that was scraped from the substrate during sample preparation (Fig. 3 (r)).
The effect of the catalyst system on the morphology of the CNF/GL films is
summarized in Table 1, Columns 1 and 2.

3.1.3 The Effect of the Dilution Gas on the Morphology of CNF/GL films
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The ratio of the carbon source gas, C2H2, to the dilution gas, Ar or N2, for flow rates of
600 and 3000 sccm are 0.33 and 0.07 respectively, thus a flow rate of 600 sccm provides
a significantly higher carbon supply. The flow rate is found to have an effect on CNF/GL
film morphology for some of the catalyst systems and is summarized in Column 5 of
Table 1.
Figure 3 (a – f) demonstrates the effect of the dilution gas flow rate on the CNF
density for the non-composite CNF film for the Cat A-1 system. The density of CNFs for
the films grown with a dilution gas flow rate of 600 sccm Ar and N 2 are similar to each
other (Fig. 3 (d, e)) indicating that the dilution gas type does not affect the film
morphology. On the other hand, when comparing the dilution gas flow rates of 600
sccm N2 and 3000 sccm N2, the density of CNFs significantly decreases with a decrease
in the carbon supply (Fig. 3 (e, f)).
Figure 3 (m, n) shows the effect of changing the N 2 flow rate on the morphology
of the GL for CNF/CL films produced with the Cat B system. The GL is relatively
smooth for the 600 sccm N2 sample, compared to the more porous and rougher
appearance of the GL for the sample prepared using a 3000 sccm N 2 dilution gas flow
rate. It appears that the decrease in carbon supply is a contributing factor to the more
porous structure of the capping layer for the film grown with 3000 sccm N 2 and can be
useful for tuning the thickness or porosity of the GL.
A reduction in the density of CNFs above the GL is observed in FESEM results
for Cat C films when 600 sccm N2 is used (not shown).

72

3.2 Quality of CNF/GL films

Raman analysis is used to determine the optical properties and the relative order or
disorder of carbon materials. The dominant Raman modes for MWCNTs and MWCNFs
are the G-band (around 1500-1600 cm-1) and the D-band (around 1250-1450 cm-1). The
G-band, known as the graphite band, relates to the order and symmetry of CNTs and
CNFs. The D-band relates to disordered components in carbon materials and can be used
to identify the presence of defects in CNTs and CNFs [27]. The degree of order, or
quality, of CNTs and CNFs can be characterized by the ratio of the intensity of the D
band (ID) to the intensity of the G band (IG). This relationship (ID/ IG) is referred to as the
R-factor. A high R-factor suggests a high level of disorder in the CNT or CNF structure
and a low R-factor implies a more ordered and quality structure [27,28]. Another Raman
mode, typically located in the range of 75-300 cm-1 for single walled CNTs (SWCNTs),
is called the radial breathing mode (RBM), and is usually only active in SWCNTs and is
rarely observed in MWCNTs unless the inner diameter is less than 3 nm [29]; the RBM is
not observed in MWCNFs.
Raman results for CNF/GL films grown using the various catalyst systems with a
dilution gas flow rate of 600 sccm Ar or N2 or a dilution gas flow rate of 3000 sccm N2
are compared. Figure 4 (a) shows typical Raman spectra (in the range of 1150 – 1850
cm-1) of CNF/GL films produced with the Cat D system using the different dilution gases
and flow rates. The Raman spectra in Figure 4 (a) are representative of all of the CNFs
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films grown with the various catalyst systems.

Characteristic G-band peaks were

detected in the range of 1581-1599 cm-1. Relatively broad peaks for the D-band were
also detected in the Raman spectra ranging from 1347-1372 cm-1.

Figure 4. (a) Typical Raman spectra series showing D and G band peaks for films grown
using the Cat D system with different Ar or N2 gas dilutions. (b) Typical low frequency
Raman spectra from CNF films grown using a gas dilution flow rate of 600 sccm N 2 and
the various catalysts systems. Peaks marked with an asterisk are from Si.

Figure 4 (b) shows the typical low frequency region of the Raman spectra for
CNF films produced by the different catalyst systems using a dilution gas flow rate of
600 sccm N2. Note that only the spectra for Cat D samples show the RBM. Since the
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RBM is not active in MWCNFs, these peaks indicate the presence of MWCNTs with
inner diameters of less than 3 nm and are confirmed by TEM analysis (discussed later).

Figure 5. (a) Typical Raman curve fit results of samples grown using various catalysts
and a gas dilution flow rate of 600 sccm Ar. (b) Cartoon key to the various catalyst
systems, the layers are not to scale. (c) Graph of R-factor (ID/IG) versus gas dilution flow
rate for Cat A-1, A-2, B, C and D systems for gas dilution flow rates of 600 sccm Ar and
600 and 3000 sccm for N2.
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Figure 5 (a) shows a typical Raman spectra curve fitting result using the
Renishaw Wire 2.0 Software. The D-band and the G-band overlap, therefore, the curve
fit procedure calculates the contribution of each peak to its absolute intensity thus
enabling the calculation of the R-factor value. Figure 5 (b) shows a cartoon key of the
various catalyst systems used in this study.
A plot of the R-factor value versus the dilution gas flow rate and catalyst system
is shown in Figure 5 (c). The R-factor values show a trend in the quality of the CNF
films produced. R-factor values are consistently high for CNF/GL films grown with the
Cat A-2 and Cat C systems signifying a higher degree of disorder for these films when
compared to the others. In contrast, CNF films grown with Cat systems A-1 and D have
lower R-factor values showing a decrease in disorder.
R-factor values significantly decrease for Cat B and D films when 600 sccm N2 is
used compared to 600 sccm Ar showing that the dilution gas type has an effect on some
of the catalyst systems. Interestingly, a significant increase in error for R-factor values is
observed for CNF films grown using the Cat A-1, A-2, B and C systems with a 3000
sccm N2 flow rate (Fig. 5(c), Column 3). This result indicates that a decrease in film
uniformity occurs when the carbon supply is reduced as can be observed in the FESEM
image for the Cat B films (Fig. 3 (m, n)). In contrast, the variation in film uniformity
increases when a flow rate of 600 sccm N2 is used with the Cat D system. This may be
explained by the varied film morphology (MWCNTs, MWCNFs/GL and the smooth and
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rough areas of the film surface) for the Cat D samples. The results are summarized in
Table 1 (Columns 4 and 5).
It is important to note that depending on the desired application, it may be more
advantageous to produce a lower quality CNF film. In a recent review, J. Huang et al.
suggest that the structure of CNFs make them more appealing than CNTs for
electrochemical biosensor applications due to their high degree of edge sites on the outer
fiber wall [15]. Also, CNFs have a larger functionalized surface area than CNTs making
them suitable for biomolecular immobilization matrixes.

Additionally, it has been

demonstrated that both CNTs and CNFs have excellent field emission characteristics.
Several groups have reported field emission results from various structured CNFs [5,7,8].
CNF/GL composite films grown with the Cat A-2, B and C systems introduce the factor
of the GL in addition to increased CNF disorder which may be appealing for applications
where a high degree of open edge sites are desirable, such as for electrochemical
biosensors.

3.3 Detailed Structure of CNF/GL films

TEM analysis was performed on the CNF/GL samples to determine the film and fiber
structure. A typical low magnification TEM image of the CNF/GL composite grown
using the Cat A-2 system with a flow rate of 3000 sccm N2 is shown in Figure 6 (a). A
FESEM image of the same sample is shown in Figure 6 (b). These images correlate well
with respect to the GL and the position of the catalyst particles. Figure 6 (a) clearly
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shows that sections of aligned CNFs remain attached to the GL even after several minutes
of sonification in isopropyl alcohol during TEM sample preparation. The length of the
different fibers within the sample varies greatly. (The specifics of CNF microstructure is
discussed in the next section). Catalyst particles are seen at the top of the film, just under
the GL and also at the base of most fibers. However, it was noted that a few of the fibers
appear to have no catalyst at the base suggesting that some of the catalyst particles were
sheared off from the fiber base when the sample was removed from the substrate. A high
resolution TEM image of the GL is shown in Figure 6 (c). This layer has a graphitic
structure arranged perpendicularly to the fiber axes forming a composite. The structure
of the GL observed for the Cat A-2 films is similar to the graphene capping layer reported
by Kondo et al. (with graphene multilayers approximately 18 and 30 nm in thickness)
[22], and Jousseaume et al. (with less than 10 layers of graphene) [23].
TEM analysis of the CNF films produced with the Cat B system revealed results
very similar to the Cat A-2 films. On the other hand, TEM results for the CNF films
produced with the Cat C and Cat D systems revealed that these films are mixed carbon
morphology composites.
The Cat C films are composed of a mixture of a GL with relatively few CNFs
(less than 500 nm in length), inter-mixed with an approximately 150 – 240 nm layer of
disordered graphite. Unlike the GL of the Cat A-2 and B films, the GL for the Cat C
films appears to be curved and without a parallel orientation with respect to the substrate.
Various types of structures are observed in the TEM analysis of CNF/GL films
produced with the Cat D system. Aligned CNFs with a GL are observed in some of the
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TEM images, in addition to a combination of shorter CNFs combined with disordered
graphite, similar to the structure of the CNF films produced with the Cat C system.
Additionally, well ordered graphite and MWCNTs are also observed on the samples
produced with the Cat D system with 3000 sccm N2. It would be expected that these
structures would decrease the R-factor value and would explain why the Cat D films had
low overall R-factor values. Catalyst particles are not observed in conjunction with the
CNTs and the well ordered graphite.

A clear understanding of the morphological

relationship between the aligned CNF/GL, the shorter CNFs combined with disordered
graphite and the CNTs and well ordered graphite is not obtained from the FESEM (Fig. 3

(p-r)) and the TEM analysis. However, the surface characteristics of the film, smooth
versus rough, suggest that the CNFs and CNTs may grow in different layers or in
different areas of the film. The morphology and structure of the films produced with the
Cat D system will require further investigation in order to gain more insight into the
growth mechanisms.
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Figure 6. (a) Typical FESEM micrograph of CNFs grown using the Cat A-2 system with

(b)

3000 sccm N2. (b) Low resolution TEM image showing typical capping layer, short and
long fibers, and catalyst particles at the tips of fibers and just under the capping layer. (c)
High resolution TEM image shows that the capping layer has a graphitic structure.

80

High resolution TEM (HRTEM) results for the CNF/GL structures produced with
the various catalyst systems are summarized in Table 1, Column 3. Figure 1 (a) shows a
HRTEM image of a typical MWCNF observed for all of the samples. The black lines on
the image are for emphasis. The structure of the CNFs can be described as the ―stacked
cone‖ type of MWCNF. The stacked cone arrangement of the MWCNFs has varying
degrees of open edges and defects from sample to sample and within the same sample for
all the catalyst system used. In contrast to the MWCNFs observed in all of the samples,
Figure 1 (b) shows a typical TEM image of a well ordered MWCNT with a small inner
diameter of ~ 1 nm that is only observed in CNF films produced with the Cat D system.
The TEM observation of MWCNTs with inner diameters of ~ 1 nm correlates well with
the observation of the RBM in the Raman spectra of CNF films produced with the Cat D
system (Fig. 4 (b)). It is important to note that MWCNTs with small inner diameters are
not typically reported for CNTs produced at low temperature or for non-purified CNT
samples. Several groups have reported the presence of the RBM in the Raman spectra of
purified MWCNT samples grown by arc-discharge [30-32] and by high temperature
CVD (>1000 °C) [33,34]. Benoit et al. found that the RBM was not noticeably observed
until after their MWCNTs were purified. Recently, S. Bagiante et al. and V. Scuderi et
al. also reported the presence of the RBM in Raman results of their non-purified
MWCNT samples produced by arc-discharge [35,36]. In all cases, the supposition that
the RBM originates from the small inner diameter (< 3 nm) of MWCNTs was supported
by TEM evidence [30-36]. To the best of our knowledge, we are the first group to report
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a combined MWCNT/MWCNF film having MWCNTs with very small inner diameters
produced by low temperature LPCVD and without purification.
Average MWCNF inner and outer diameters were obtained from the TEM images
and the results are summarized in Figures 7 (a). Inner fiber diameters for the MWCNF
vary along the length of the fiber due to the stacked cone structure, therefore the inner
diameter represent an average value of the varied dimensions.

Average inner fiber

diameters range from ~ 2-3 nm and average outer fiber diameters range between ~15 -18
nm with the exception of ~27 nm for MWCNFs produced with the Cat A-2 system using
600 sccm Ar . However, when compared to FESEM measurements of the Cat A-2
samples, there does not appear to be a significant difference between fiber diameters
versus dilution gas type.
The average angles between the fiber walls and the fiber axis were also
determined and the results are summarized in Figure 7 (b). For all of the catalyst systems
analyzed, the quality of the stacked cone structure of the MWCNFs varies along the
length of the fiber and also from fiber to fiber.

This accounts for the large error

associated with the average measured angles shown in the plot (Fig. 7 (b)). Average
angles range between approximately 20 – 27 degrees for all of the fibers with the
exception of MWCNFs produced with the Cat B system with a dilution gas flow rate of
600 sccm N2 having an average angle of approximately 15 degrees. There appears to be
a correlation between the significantly lower R-factor value and the smaller average angle
for MWCNFs produced by the Cat B/600 sccm N2 system.
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Figure 7. (a) Plot of average MWCNF inner and outer diameters measured from TEM
images, (b) plot of average angle of MWCNF wall with respect to MWCNF axis.
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3.4 Growth mechanism of VA-MWCNF/GL composite films

Two widely accepted growth models, tip growth and base growth, have been reported for
CNT/CNF growth involving catalysts on a substrate [17]. Hofmann et al. [37] describe
tip growth and Puretzky et al. describe the base growth method in greater detail [38]. The
method of growth depends largely on the interaction between the catalyst particle and the
substrate/underlayer materials. A weak interaction between the catalyst and substrate
results in tip growth and the catalyst particle is lifted away from the substrate as the
CNT/CNF grows beneath it. On the other hand, a strong surface energy interaction
between the catalyst and substrate results in base growth as the catalyst particle remains
attached to the substrate and the CNT/CNF forms on top of the particle [17]. TEM
observation suggests that some of the longer MWCNFs appeared to have been sheared
from the substrate during sample preparation, leaving their catalyst particles behind.
Figure 6 (a) correlates well with Figure 6 (b) to support a base growth mechanism for our
MWCNF films with encapsulated metal particles at the end of the fibers, similar to a
study by Bower et al. [39].
Although the GL provides clues to the MWCNF growth direction (Fig. 6 (a, b)),
the growth mechanism of the VA-MWCNF/GL composite is not as clearly understood.
To the best of our knowledge, the formation of a graphitic type capping layer on the top
of VA-MWCNT films grown by thermal CVD is only recently reported by Kondo et al.
[22] and Jousseaume et al. [23]. Kondo et al. proposed that graphene layers are initially
formed on the Co catalyst film. After some time, the catalyst film transforms into
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particles that initiate the growth of MWCNTs by a tip growth method. The Co catalyst
particles are observed to remain between the MWCNTs and the graphene layer interface
[22]. On the other hand, Jousseaume et al. proposed a growth mechanism based on their
few graphene layer/VA-CNT composites produced by thermal CVD using a 6nm Ni
catalyst (deposited on a TiN/Si/SiO2 underlayer system). They found results similar to
Kondo et al. with a few exceptions. For example, the CNTs were ―closed‖ by layers of
graphene at the graphene/CNT interface suggesting a base growth method, although their
figure shows the catalyst particle at the base and at the CNT/graphene layer interface.
Their study emphasized the importance of the initial catalyst film thickness on the
tendency for the catalyst to form graphene layers (from intact catalyst film) or CNTs
(from catalyst nanoparticles). They suggested that the thickness of the Ni catalyst film is
important to the initial formation of graphene layers and to the eventual dewetting of the
film into catalyst nanoparticles at which time CNT formation is initiated [23].
We propose a growth mechanism for VA-MWCNF/GL composite films produced
using the Cat A-2 and Cat B systems (Fig. 8 (a-e)). Although it was expected that a metal
underlayer would replace the need for catalyst pre-treatment [25,40], the formation of a
GL for these CNF films suggest that the uppermost surface of the initial Ni catalyst film
is relatively planar. A 2 – 3 nm thick Ni catalyst (deposited on the 5 – 6 nm Al
underlayer) would not be expected to form a continuous film. Therefore, the formation
of metal-oxide as the Ni and Al layers were exposed to ambient conditions after the
catalyst/underlayer deposition process would explain why the film may have been
relatively continuous at the beginning of the CVD process. Therefore, it is proposed that
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the GL forms first on the surface of the Ni film (Fig. 8 (a-c)). This is in agreement with
Kondo et al. [22] and Jousseaume et al. [23]. As shown in Figure 8 (c and f), as the GL
continues to form, the planar nature of the catalyst film layer begins to change and leads
to the formation of individual catalyst particles. The point at which the catalyst dewets
may be related to the reduction of the Ni-oxide layer by the NH3 reducing gas. The
change in direction of the graphitic layers suggests the shape evolution of the catalyst
particle and the initiation of CNF growth, similar to what Cui et al. [41] observed. The
CNF growth proceeds by a base growth mechanism as evidenced in TEM images. Stress
in the GL and/or the lengthening of individual CNFs at different rates cause some of the
Ni nanoparticles to lift away from the substrate/underlayer system while remaining
attached to the GL (Fig. 8 (d)). The GL and the detached catalyst particles are pushed
upward by the growing CNFs still attached to the substrate/underlayer (Fig. 8 (e)). The
growth slows as the carbon source gas is diminished due to insufficient gas supply
penetrating the GL [23]. Finally, growth stops once the catalyst particles are completely
encapsulated [39]. Most of the catalyst particles have a tear drop shape with the apex
pointing upward towards the GL (Fig. 6 (a) and Fig. 8 (f)). On the other hand, Figure 8
(g) shows that some catalyst particles have a hemispherical shape with the flattened
portion facing the GL and embedded in the GL without producing CNF growth. The
flattened upper surface of these particles strongly supports the assumption that the Ni
catalyst thin film may have had a smooth, planar upper surface contributing to the growth
of the GL. Based on Figure 8 (f and g), it appears that once the catalytic particles lose
contact with the surface, CNF growth is prevented, slowed or stopped for these particles.
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This may be due to a change in temperature when the catalyst is no longer attached to the
heated substrate.

Figure 8. (a-e) Proposed growth mechanism of VA-MWCNF/GL composites using Cat
A and B systems.

(f) HRTEM showing tear drop shaped catalyst particle and the

direction of the graphitic fibers around a Ni particle. (g) Arrows point to a partially
rounded encapsulated Ni particle with a flattened top.
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4. Conclusions

In summary, we have shown that by varying the catalyst underlayer system, different
morphologies of MWCNF composite films are produced at low temperature (445 °C) by
LPCVD. The presence of Au in the underlayer produced thin film composites of VAMWCNFs with a GL arranged perpendicular to the fibers‘ axes. A growth mechanism
for the formation of VA-MWCNF/GL composite films was proposed. The MWCNFs
were found to grow following a base growth mechanism. In contrast, when Au was not
used, various film morphologies resulted depending upon the underlayer system. For
example, a composite film of MWCNFs/MWCNTs with a GL was produced when Au
was removed from one of the underlayer systems. The effect of the underlayer systems
upon MWCNF/GL composite film morphology is thought to be due to interactions
between the substrate, the underlayer and the catalyst due to wetting effects, catalyst
diffusion and stresses incurred during the thermal process. The quality and morphology
of the films are found to be affected by the dilution gas flow conditions and/or by the
type of dilution gas used. Future work on the effects of the pre-growth conditions of the
catalyst/underlayer system is needed to gain a greater understanding of the dynamics that
affect CNF film morphology and fiber structure.

The unique structure of VA-

MWCNF/GL composite films and combined MWCNF/MWCNT/GL films may provide
interesting properties making them useful for potential applications.
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List of figures

Figure 1. (a) TEM image of a typical MWCNF with a stacked cone structure. The inset
shows a cartoon of a stacked cone MWCNF showing graphene walls that are non-parallel
to the fiber axis. (b) TEM image of a MWCNT with a relatively small inner diameter of
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~ 1 nm. The inset shows a cartoon of a MWCNT with graphene walls parallel to the tube
axis. The cartoon inset in (a) and (b) are adapted from reference [1].

Figure 2.

(a) Catalyst and underlayer conditions for the LPCVD preparation of

MWCNF/GL composite films. The thickness of the layers is not to scale. (b) Diagram of
CVD reactor showing gas flow direction, the radio frequency power off and no plasma.

Figure 3. (a – n) FESEM images of CNF/GL films grown using the Cat A-1, Cat A-2
and Cat B systems with either a dilution gas flow rate of 600 sccm Ar, 600 sccm N 2 or
3000 sccm N2; (o) FESEM image of a CNF/GF film produced with the Cat C system and
600 sccm Ar; (p-r) FESEM images of a CNF/GF film produced with the Cat D system
and 3000 sccm N2. The cartoon insets of the catalyst systems are not to scale.

Figure 4. (a) Typical Raman spectra series showing D and G band peaks for films grown
using the Cat D system with different Ar or N2 gas dilutions. (b) Typical low frequency
Raman spectra from CNF films grown using a gas dilution flow rate of 600 sccm N 2 and
the various catalysts systems. Peaks marked with an asterisk are from Si.

Figure 5. (a) Typical Raman curve fit results of samples grown using various catalysts
and a gas dilution flow rate of 600 sccm Ar. (b) Cartoon key to the various catalyst
systems, the layers are not to scale. (c) Graph of R-factor (ID/IG) versus gas dilution flow
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rate for Cat A-1, A-2, B, C and D systems for gas dilution flow rates of 600 sccm Ar and
600 and 3000 sccm for N2.

Figure 6. (a) Typical FESEM micrograph of CNFs grown using the Cat A-2 system with
3000 sccm N2. (b) Low resolution TEM image showing typical capping layer, short and
long fibers, and catalyst particles at the tips of fibers and just under the capping layer. (c)
High resolution TEM image shows that the capping layer has a graphitic structure.

Figure 7. (a) Plot of average MWCNF inner and outer diameters measured from TEM
images, (b) plot of average angle of MWCNF wall with respect to MWCNF axis.

Figure 8. (a-e) Proposed growth mechanism of VA-MWCNF/GL composites using Cat
A and B systems.

(f) HRTEM showing tear drop shaped catalyst particle and the

direction of the graphitic fibers around a Ni particle. (g) Arrows point to a partially
rounded encapsulated Ni particle with a flattened top.

Table 1. Summary of the effect of dilution gas flow rate and catalyst underlayer system.
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APPENDIX B
THE EFFECT OF CATALYST SYSTEM PRE-TREATMENT ON VERTICALLY
ALIGNED CARBON NANOFIBER-GRAPHITE LAYER COMPOSITES

This manuscript is in preparation for submission to a peer review journal for publication.
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Abstract
Self-assembled composites composed of vertically aligned multiwalled carbon nanofibers
(VA-MWCNF) combined with a graphitic layer (GL) arranged perpendicular to MWCNF
axes‘ have been produced at low temperature (445 °C) using low pressure thermal
chemical vapor deposition (LPCVD). The effect of the catalyst pre-treatment on the
structure and morphology of the GL and composite morphology was studied. Electron
microscopy was used to analyze composite morphology and structure. It is found that
catalyst pre-treatment with hydrogen (H2) plasma resulted in a significant break-down of
the GL and vertical alignment of the fibers. Catalyst pre-treatment with ammonia gas
modified the structure of the GL while retaining the VA-MWCNT/GL layer composite
structure.

An increase in time of NH3 gas pre-treatment leads to reduced VA-

MWCNF/GL composite height.

1. Introduction

Various types of carbon allotropes exist such as graphite, diamond, amorphous carbon,
fullerene, graphene, and carbon nanotubes (CNTs) and nanofibers (CNFs). Although
each of these allotropes is composed of carbon atoms, the structural arrangement of the
carbon atoms varies between allotropes which lead to quite different materials properties.
For example, carbon allotropes such as CNTs and CNFs have been the focus of much
research over the last few decades due to their unique properties related to their ―quasi‖
one-dimensional structures [1].

Both CNTs and CNFs have excellent potential for
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applications such as field emission devices [2], gas sensing [3], biosensing and
electroanalysis [4,5], and conductive additives in polymer composites [6]. Likewise, the
recently discovered two-dimensional carbon allotrope, known as graphene, has also
stimulated great research interest and holds great promise for potential applications due to
its strength, stability, electronic properties and high quality [7].
Recently, novel self-assembled carbon composites of vertically aligned
multiwalled CNTs (VA-MWCNTs) or CNFs (VA-MWCNFs) combined with multilayered graphene or graphitic layer (GL) arranged perpendicularly to the CNT/CNF axis
have been reported to be produced by chemical vapor deposition (CVD) [8-11]. These
composites are expected to have unique properties due to their distinctive combination of
carbon allotropes and are expected be useful for a variety of applications.
CVD is a widely used method to grow CNTs/CNFs; its popularity is based on
simplicity, relatively low cost, ability to grow patterned and/or aligned CNTs/CNFs on a
substrate, and the potential for large scale production [12-14]. In addition, some types of
CVD processes provide the ability to grow CNTs/CNFs at low temperature which is
important for electronic and complementary metal-oxide-semiconductor (CMOS)
applications [12]. Additionally, low thermal budget materials, such as soda lime glass,
are often used as the supporting substrate. The softening temperature of soda lime glass
is near 550 °C [15], so it is important to be able to grow at temperatures lower than this.
The CVD process is also likely to become a popular method for producing VAMWCNT/GL and VA-MWCNF/GL composites; however, limited research has been
carried out on the role of the CVD processing conditions on the morphology, structure
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and properties of these novel composites.

For example, Kondo et al. studied the

relationship between the initial thickness of the Co catalyst and the resulting thickness of
the composites‘ GL [8]; Jousseaume et al. investigated the effect of an argon pretreatment on the composite structure and also varied the growth temperature between 400
– 550 °C [11]; Labunov et al. used a high temperature (850 °C) injection CVD process.
Our previous study examined the role of the catalyst/underlayer system used and the
dilution gas (argon or nitrogen) flow rate on the morphology, quality and structure of
MWCNF/GL composites [10]. It is apparent that additional research is needed to in
order to understand the effect of the various processing parameters on the structure,
property, quality and morphology of these carbon composites in order to obtain desirable
properties for various potential applications. These parameters include gas recipe used
(flow rate, carbon source, reactive gases, inert gases, gas ratios), pressure, temperature,
CVD reactor type, catalyst type and thickness, underlayer and/or substrate, and the
catalyst pre-treatment prior to growth.
The purpose of this study is to investigate the effect of the catalyst pre-treatment,
using hydrogen (H2) plasma or nitrogen gas (NH3), on the morphology and structure of
VA-MWCNF/GL composites grown at low temperature (445 °C) by low pressure CVD
(LPCVD). It is worth noting that although several studies have been performed to
investigate the effect of either H2 plasma pre-treatment [16,17] or NH3 gas pre-treatment
[18-20] on the quality, alignment and morphology of VA-CNTs/VA-CNFs, to our
knowledge, no studies have been reported on the effect of H 2 plasma or NH3 gas
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pretreatment on the morphology of VA-MWCNF/GL (or VA-MWCNT/GL) composites
grown by CVD.
Field emission scanning electron microscopy (FESEM) and transmission electron
microscopy (TEM) are used to analyze the morphology and structure of the composites.

2. Experimental

2.1. Pre-treatment and growth of MWCNF/GL composite films
MWCNF/GL composite films were grown using thermal LPCVD techniques in a
commercially available reactor, a Novellus Concept 1-200. Before growth, oxidized
silicon (Si) substrate was prepared by PECVD of tetraethyl-orthosilicate (TEOS) onto Si
substrate. The catalyst and underlayer was then prepared by the sequential physical
vapor deposition of a bi-metal underlayer of 50 nm of gold (Au) and 6 nm of aluminum
(Al) followed by 3 nm of nickel (Ni) catalyst onto the oxidized Si substrate.
Various pre-treatments of the catalyst system were carried out to investigate the
effects on the morphology and structure of MWCNF/GL composites. One of three
different types of pre-treatments were used prior to the initiation of MWCNF/GL growth:
1) a hydrogen (H2) plasma pre-treatment was applied for 1 or 5 minutes; or 2) an
ammonia (NH3) gas pre-treatment (without plasma) was applied for 1 or 10 minutes; or
3) no pre-treatment was used.
The carbon source gas and the reducing gas ratios were also varied to investigate
the effect of pre-conditioning under different gas recipe conditions. One of two different
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recipes were used: Recipe 1) 500 standard cubic centimeters per minute (sccm) of C 2H2
with 1000 sccm NH3 ; or Recipe 2) 1000 sccm of acetylene (C2H2) and 500 sccm of
carbon monoxide (CO) was used as the carbon source gases with 2000 sccm of NH3 as
the reducing gas.
Growth time for most of the samples was set to 10 minutes. Growth times of 3
and 5 minutes were also used to investigate evolution of morphology and structure of the
MWCNF/GL composite with respect to time of growth.
The samples were placed on the carrier wafer in the Novellus reactor at pressure
of 2 Torr. The carrier wafer was next placed onto the heated electrode (ground potential)
at a temperature of 445 °C. Then the carbon source gas(es) and NH 3 gas were
simultaneously fed into the reaction chamber for a growth period of either 3, 5 or 10
minutes. All gases were then simultaneously discontinued and pumped away while the
samples were moved into a vacuum loadlock and allowed to cool before removal.
A total of 8 MWCNF/GL composite samples were produced in this study. The
experimental conditions for gas recipe, catalyst pre-treatment and growth time are
summarized in Table 1.

103

Table 1. Summary of experimental conditions that were varied.
Gas Recipe
(sccm)
Recipe 1 - C2H2:NH3 (500:1000)

Pre-treatment

Growth
Time (min)
10

No Pre-treatment

Recipe 1 - C2H2:NH3 (500:1000)

H2 Plasma – 1 minute

10

Recipe 1 - C2H2:NH3 (500:1000)

H2 Plasma – 5 minutes

10

Recipe 2 - C2H2:NH3:CO (1000:2000:500)

NH3 – 1 minute

10

Recipe 2 - C2H2:NH3:CO (1000:2000:500)

NH3 – 10 minutes

10

Recipe 2 - C2H2:NH3:CO (1000:2000:500)

H2 Plasma – 1 minute

3

Recipe 2 - C2H2:NH3:CO (1000:2000:500)

H2 Plasma – 1 minute

5

Recipe 2 - C2H2:NH3:CO (1000:2000:500)

H2 Plasma – 5 minutes

3

2.2 Characterization of MWCNF/GL films
MWCNF/GL film morphology and structure were analyzed using a Hitachi S-4500
FESEM, a Hitachi S-4800 FESEM and a Hitachi H-8100 TEM. Overall composite film
heights were measured from FESEM images and the outer diameters of the MWCNFs
were measured from cross-section view FESEM images and high resolution TEM
(HRTEM) images using the Image J Program.

3. Results

3.1.1 Morphology of MWCNF/GL composites produced with gas recipe 1 and H2 plasma
pre-treatment
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FESEM plan view and cross-section images of MWCNF/GL composites produced using
gas recipe 1 (C2H2:NH3 (500:1000 sccm)) with no pre-treatment, 1 minute, and 5 minute
H2 plasma catalyst pre-treatment are shown in Figure 1.

Figure 1. FESEM images of plan and cross-section view for MWCNF/GL composites
produced using gas recipe 1 with various pre-treatments.

FESEM results for the MWCNF/GL composites that were produced using gas
recipe 1 without pre-treatment of the catalyst system shows a very smooth GL (Fig. 1 (a))
with a relatively high density of VA-MWCNFs (Fig. 1 (b)). The length of the fibers
range from short to long and many long fibers remain attached to the substrate. The
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average film height for this composite is approximately 1414 nm and the average outer
diameters of the fibers are approximately 25 nm (Table 2).
In comparison, the morphology and structure of MWCNF/GL composites
produced using gas recipe 1 with either a 1 minute (Fig. 1 (c, d)) or 5 minute (Fig. 1 (e,
f)) H2 plasma pre-treatment of the catalyst are significantly different from the VAMWCNF/GL composite produced without catalyst pre-treatment (Fig. 1 (a, b)). The
overall height of the MWCNF/GL produced with gas recipe 1 with a 1 minute H 2 plasma
pre-treatment is approximately 853 nm and the average MWCNF outer diameters are
approximately 22 nm (Table 2). The structure of the GL is neither continuous nor
smooth and the MWCNF/GL composite appears to form in relatively small clusters (Fig.
1 (c)). Some of the MWCNF/GL clusters are observed to bend resulting in the reduction
of MWCNF vertical orientation (Fig. 1 (d)). The structure of the GL, the vertical
alignment and density of the MWCNFs and the composite film height is further
diminished when a 5 minute H2 plasma pre-treatment is used (Fig. 1 (e, f)).

The

MWCNF/GL clusters appear to form in much smaller clumps and sometimes with only
one fiber below the GL. This composite has an overall film height of ~544 nm with
MWCNF diameters of ~26 nm (Table 2). The overall film height does not reflect the
length of the randomly oriented longer fibers that are not vertically aligned.
In summary, the results show that the structure of the GL, the vertical alignment
of the MWCNFs and the film height is significantly reduced with the H 2 plasma pregrowth treatment of the catalyst system and with increasing time of H 2 plasma treatment
when using gas recipe 1.
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Table 2. Summary of results for average composite film heights and outer MWCNF
diameters.
Sample Pretreatment and Gas
Recipe

Growth Time
(minutes)

Composite Film
Height
(nm)

MWCNF Average
Outer Diameter
(nm)

No Pre-treatment
Recipe 1
H2 plasma – 1 minute
Recipe 1
H2 plasma – 5
minutes Recipe 1
NH3 – 1 minute
Recipe 2
NH3 – 10 minutes
Recipe 2
H2 plasma –
5minutes
Recipe 2
H2 plasma – 1 minute
Recipe 2
H2 plasma – 1 minute
Recipe 2

10

1414

25

10

853

22

10

544

26

10

740

23

10

533

21

3

156

24

3

217

24

5

609

25

3.1.2 Morphology of MWCNF/GL composites produced with gas recipe 2 and NH3 pretreatment

FESEM plan view and cross-section images of MWCNF/GL composites produced with a
1 minute or 10 minute NH3 catalyst pre-treatment and grown with gas recipe 2
(C2H2:NH3:CO (1000:2000:500 sccm)) for a growth time of 10 minutes are shown in
Figure 2.
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Figure 2. Plan and cross-section view FESEM images of MWCNF/GL composites
produced using gas recipe 2 and NH3 catalyst pre-treatment times of (a, b) 1 minute or (c,
d) 10 minutes.

Pre-treatment of the catalyst with 1 minute or 5 minutes of NH 3 followed by a 10
minute growth period using gas recipe 2 produces VA-MWCNF/GL composites. The
time of NH3 pre-growth treatment affects the composite film height (Fig. 2 (b, d)) with
less noticeable effect in the structure of the GL (Fig 2. (a, c)). However, both the GL and
the density of VA-MWCNFs and the height of the composite vary significantly from the
composite film produced without catalyst system pre-treatment and grown with gas
recipe 1 (Fig. 1 (a, b)). The structure of the GL of VA-MWCNF/GL composites that
were grown using the NH3 pre-treated catalyst system is much rougher and appears to
have increased porosity; however, it still retains a continuous structure. The longer NH 3
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pre-treatment time of 10 minutes has the effect of reducing the overall composite film
height compared to the 1 minute pre-treatment time (~ 544 versus ~ 740 nm
respectively).

3.1.3 Morphology of MWCNF/GL composites produced with gas recipe 2 and H2 plasma
pre-treatment

FESEM plan and cross-section view images of MWCNF/GL composites produced using
a 1 minute or 5 minute H2 plasma pre-treatment of the catalyst and grown with recipe 2
(C2H2:NH3:CO (1000:2000:500 sccm)) with growth times of 3 or 5 minutes are shown in
Figure 3. Early (3 minute) and later (5 minute) stages of MWCNF/GL formation can be
observed from the images (Fig. 3 (a – d)) and a comparison of the effects of the length of
time (3 versus 5 minutes) of H2 plasma pre-treatment with a growth time of 3 minutes can
be seen in Figure 3 (a, b, e, f).
Early stage MWCNF/GL composite formation results in relatively large segments
of the GL with early stage formation of MWCNFs (Fig. 3 (a, b)) for composites produced
with a 1 minute H2 plasma pre-treatment and grown with recipe 2. The composite film
height is ~ 217 nm for a 3 minute growth compared to ~ 609 nm for a 5 minute growth
(Table 2) which is nearly triple the 3 minute growth height. This suggests that the early
stage formation of the GL and transition to MWCNFs proceeds at a slower rate than the
time it takes for the MWCNFs to grow in length. The GL appears to have a more open
appearance after 5 minutes indicating a breaking apart of larger segments as the film
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increases in height. This may be due to uneven growth of the fibers that cause some
fibers to lose contact with the substrate and be pushed upward with the GL as the more
firmly attached MWCNFs increase in length. It also appears that once a MWCNF loses
contact with the substrate, the growth for that fiber ceases and the catalyst particle
becomes encapsulated with carbon. In this LPCVD process, the substrate is heated by an
electrode. Therefore, once the catalyst loses contact with the substrate surface, and the
source of heat, it would be expected that there would be a change in the temperature in
the catalyst and the area surrounding it causing a change in catalytic activity and thus
halting further growth for that fiber.
In comparison, the MWCNF/GL composite produced with a 5 minute H 2 plasma
pre-treatment shows relatively small clusters of the GL with very early stage MWCNF
formation (Fig. 3 (e, f)). There also appear to be bare areas on the substrates indicating
that a 5 minute H2 pre-treatment may significantly reduce the metal-oxide layer to the
point where the GL does not readily form. The composite film height for 3 minutes of
growth time is ~ 156 nm which demonstrates a slower rate of growth than for the
composite produced with a 1 minute H2 plasma pre-treatment and 3 minutes of growth
time (Table 2).
Comparing the effect of the gas recipes (Recipe 1: C2H2:NH3 (500:1000) versus
Recipe 2: C2H2:NH3:CO (1000:2000:500)) for the 1minute and 5 minute H2 plasma pretreatment of the catalyst show very similar trends in the structure of the GL and
MWCNF/GL composites with respect to time of H2 plasma pre-treatment. However,
further study must be performed to confirm these observations since results were not
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obtained for a 10 minute growth time for recipe 2, and 3 and 5 minute growth times for
recipe 1.

Figure 3. Plan and cross-section FESEM images of MWCNF/GL produced using a 1
minute H2 plasma pre-treatment and grown with gas recipe 2 for growth times of (a, b) 3
minutes and (c, d) 5 minutes. (e, f) MWCNF/GL composite produced with a 5 minute H 2
plasma pre-treatment grown with gas recipe 2 for a growth time of 3 minutes.

3.1.4 Structure of MWCNF/GL composites

The structure of the MWCNF/GL composites, produced using the 8 different
experimental conditions, was investigated by TEM. For all experimental conditions, the
MWCNFs have a stacked cone structure with average outer diameters ranging from ~ 21
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– 26 nm (Table 2). The GL and composite structure for the different conditions vary
depending on the experimental conditions.
The structure of the GL and the MWCNFs for the VA-MWCNF/GL composite
produced without using a catalyst system pre-growth treatment and grown with recipe 1
is shown in Figure 4. A low resolution TEM image of a section of the MWCNF/GL
composite shows the GL forming a composite with multiple lengths of MWCNF and
catalyst particles just under the GL and at the base of most of the fibers (Fig. 4 (a)).
Figure 4 (b) shows a FESEM image of a typical corresponding view of a segment of the
MWCNF/GL composite at the same scale as Figure 4 (a). A high resolution TEM
(HRTEM) image of the top of the GL is shown in Figure 4 (c). The GL layer is observed
to be composed of several layers of disordered graphene sheets producing a graphitic
layer arranged somewhat parallel to the substrate and perpendicular to the graphene walls
that transition from the GL to form the stacked cone structure of the MWCNFs. The
composite film appears similar in composition to our previous film [10].
In comparison, MWCNF/GL composites produced with either H 2 plasma or NH3
catalyst pre-treatment show a significantly different structure for the GL. Figure 5(a) is a
typical low resolution TEM image of a segment of a MWCNF/GL composite produced
with 1 minute H2 plasma pre-treatment and grown with recipe 2 and 5 minutes growth
time. Arrows point at the GL, the catalysts and the MWCNFs comparing the structure
observed in the TEM image (Fig. 5 (a)) to the morphology observed in the FESEM image
(Fig. 5 (b)) using the same scale. A HRTEM image of the top of the GL is shown in
Figure 5 (c). The structure of the GL appears to be formed by curved graphene layers
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that transition into MWCNFs. Due to the overlap of the graphene fringes, it is not clear
from TEM analysis how the curved top portions of the GL are interconnected to form
clusters of MWCNF/GL composites.
In summary, the structure of the GL for composites that were produced using pretreatments of the catalyst system show varying degrees of graphene plane curvature of
the upper most surface of the GL ranging from a more scalloped appearance to a very
nodular appearance similar to what is seen in Fig. 5 (a-c).
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Figure 4.

(a) A typical low resolution TEM image of a MWCNF/GL composite

produced using recipe 1 with no pre-treatment. (b) A typical tilted-view FESEM image
showing the morphology of the GL and MWCNFs. (c) High resolution TEM (HRTEM)
image showing the graphitic structure of the GL.
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Figure 5.

(a) A typical low resolution TEM image of a MWCNF/GL composite

produced using gas recipe 2 with a 1 minute H2 plasma pre-treatment and a growth time
of 5 minutes. (b) A typical FESEM image of a MWCNF/GL segment showing the
morphology of the MWCNF/GL composite. (c) A HRTEM image showing the structure
of the top of the GL.
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4. Conclusions

In summary, we have shown that the catalyst pre-treatment affects both the structure of
the GL and the MWCNF/GL composite film height. The observed effect varies with the
length of time of the pre-treatment and the type of pre-treatment (H2 plasma versus NH3
treatment without plasma).

Pre-treatment using H2 plasma results in a significant

breakdown of a continuous GL and results in the formation of relatively small clusters of
MWCNF/GL composites. Composite film density, continuity and height, and the vertical
alignment of MWCNFs are significantly reduced with increasing H2 plasma pretreatment time. On the other hand, pre-treatment with NH3 results in VA-MWCNF/GL
composites with a continuous, but rough and wavy GL. The thickness of the composite
film decreased with increased NH3 pre-treatment time.
The top of the GL for the composites produced using either H 2 plasma or NH3
pre-treatment, had a structure composed of curved graphene planes with varying degrees
of curvature compared to the relatively flat structure of GL for the composite that did not
undergo catalyst pre-treatment prior to growth. The difference in the structure of the GL
and the degree of vertical alignment in MWCNFs/GL composites is expected to affect the
composite properties and therefore their use in potential applications. We have shown
that a catalyst pre-treatment (or alternatively, no pre-treatment) can be useful for
selecting composite structure and hence the composite properties. The unique structure
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of VA-MWCNF/GL composite films may provide interesting properties making them
useful for potential applications.
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(a) A typical low resolution TEM image of a MWCNF/GL composite

produced using recipe 1 with no pre-treatment. (b) A typical tilted-view FESEM image
showing the morphology of the GL and MWCNFs. (c) High resolution TEM (HRTEM)
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(a) A typical low resolution TEM image of a MWCNF/GL composite

produced using gas recipe 2 with a 1 minute H2 plasma pre-treatment and a growth time
of 5 minutes. (b) A typical FESEM image of a MWCNF/GL segment showing the
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STEATITE AND CALCITE NATURAL WHITE CHALKS
IN TRADITIONAL OLD MASTER DRAWINGS

TIMOTHY DAVID MAYHEW, MARGO ELLIS, AND SUPAPAN SERAPHIN

ABSTRACT – This manuscript examines the history, geology, chemical composition,
sources, production, and physical characteristics of the natural white chalks when used as
traditional old master drawing materials. The nomenclature of white chalks is presented
in order to clarify the relationship of natural white chalks with respect to other types of
white chalks, including fabricated and artificial white chalks. Specimens of two types of
natural white chalk, steatite natural white chalk and calcite natural white chalk, were
obtained and studied using optical microscopy and field emission scanning electron
microscopy to observe their appearance and to learn more about their working properties.
Their chemical composition was determined using x-ray diffraction analysis and field
emission scanning electron microscopy with energy dispersive x-ray spectroscopic
microanalysis. These results were compared with the physical characteristics and
chemical composition of traditionally used steatite and calcite natural white chalks
documented in the historical record.

1. INTRODUCTION
The natural white chalks were natural earths which met the requirements of a reliable
drawing material in their native state. They were quarried directly from the earth and had
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sufficient cohesiveness, which allowed them to be sawn into durable drawing sticks.
Further, they were fine grained and friable enough to be able to mark the drawing support
in a manner that was responsive to the artist‘s hand. Over time artists began to fabricate
other types of white chalks made from different materials, both natural and artificially
synthesized, which often required the addition of a variety of binding materials and
fillers. These artificial chalks and crayons gradually began to replace the natural chalks
beginning in the 18th century. Over time the history, geology, chemical composition,
sources, production, and physical characteristics of the natural white chalks have become
unfamiliar to the modern artistic community and in modern literature.
Extant drawings that were created using broad-line drawing media such as natural
chalks and pastels can represent conservation concerns due to their vulnerability to
rubbing and moisture. White chalks have been shown to be more vulnerable to abrasion
and moisture, when compared to natural red chalk and natural black chalk, yet the
explanation as to why this is the case is not completely certain.
The historical background of the natural white chalks as a drawing medium,
nomenclature, relationship to other types of white chalks, and historical sources are
reviewed. In addition, information on the geological formation, chemical composition,
and the traditional methods used to process and use natural white chalks for drawing are
presented. The physical characteristics and chemical microanalyses of samples of two
types of traditional natural white chalks, specifically steatite and calcite natural white
chalks, from contemporary sources are studied and compared with those documented in
the historical record. These two types of natural white chalk were studied by optical
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microscopy and by field emission scanning electron microscopy (FESEM) both in their
unprocessed block form and under a variety of traditional drawing techniques applied to
paper. These studies were done in order to gain some understanding of how these natural
white chalks functioned as drawing media and to glean insight into the possible reasons
as to why they are more sensitive to losses due to abrasion than the natural red chalk and
natural black chalk.

1.1 HISTORICAL BACKGROUND
Various forms of white chalk, beginning with the natural white chalks, have long
been used as dry drawing mediums to heighten and model the illusion of light in
drawings (Corrigan 1997; Watrous 1957). They were typically used in combination with
other broad-line drawing media such as black and red chalks. Extant drawings combining
white chalk with either a black or red chalk can be dated as early as the beginning of the
16th century by several artists including Raphael Sanzio (1483-1520). By the early 17th
century white chalk became part of a complex three chalk drawing technique with black
and red chalks, known as aux trois crayons, which was used by many artists including
Peter Paul Rubens (1577-1640), and Antoine Watteau (1684-1721), (fig. 1).
White chalk was added to drawings done in black and/or red chalks in order to
develop a full effect of modeling, and that required the use of a mid-tone drawing support
instead of a white one. Artists initially drew on color coated paper or parchment, which
they had been making for metalpoint and pen drawings as early as the end of the 14 th
century by coating white paper or parchment (Cennini 1960). By the end of the 15th
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century, papers that were colored during the process of their manufacture were available
(Meder 1978). It was important to make sure that the tone of the colored paper was not
too dark or its contrast with the white chalk would be excessive and would focus too
much attention on the lights tones in the drawing (Hamerton 1889), unless that was the
intent. It was also considered very important to leave an intermediate space of the midtone paper between the white and black chalks otherwise they would mix on the paper
and conflict visually with the color of the paper. Such mixing of the chalks was
considered to create a very heavy and displeasing effect which would destroy the breath
and mastery of the drawing (Smollett 1772; Hamerton 1889).
In many extant old master drawings the red and/or black chalk marks are still
strong but the white chalk marks are often much paler and in many cases have nearly
disappeared (Grasselli 2008). Part of this may be a reflection of the care that these
drawings have had, more than any functional defect in the white chalk, as there are many
cases where the white chalk marks in well-protected old drawings are still in good
condition. Also, it should be noted that natural black chalk and natural red chalk were
unique drawing media that were known for their biting nature and resistance to erasure
(Meder 1919; Mayer and Vandiver 1987).

1.2 NOMENCLATURE
There has been, and still is, considerable confusion and uncertainty in the
literature regarding the types of broad-line drawing media. In the mid 1900s, Watrous
wrote,
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―The references to chalks, pastels, and crayons in the historical literature
of art had many ambiguities, and the distinctions among these drawing
media have often been obscured by the use of undiscriminating
terminology. For example the words ―crayon,‖ ―craion,‖ or ―crion‖ were
used by French and English writers in referring to such diverse drawing
instruments as chalks, pastels, sticks of colors prepared with fatty binders,
graphite sticks, graphite pencils, and even metallic styluses. To some
extent, this confusion in terminology still exists, and consequently, a
discussion of chalks, pastels, and crayons requires a definition of some
simple categories‖ (Watrous 1957, 91).
Corrigan echoes this need for defining categories of chalk types, ―Our analytical
approach requires us to distinguish natural and fabricated chalks on the one hand from
synthetic chalks and crayons on the other, even though there was a significant period of
transition from the one to the other‖ (Corrigan 1997, 68).
The earliest drawing chalks used were the naturally-occurring chalks, called
natural chalks, which were described as, ―First, there were the natural chalks, or those
mineral substances which were mined from the earth, fashioned into sticks with saw and
knife, and without further processing, used for drawing― (Watrous 1957, 91).
Another category of drawing chalk is the fabricated natural chalk, which is
composed of a natural chalk reduced to a fine powder, mixed with water and shaped into
a drawing stick. Depending on the physical characteristics of the natural chalk, a small
amount of a binder such as a vegetal gum was occasionally added. Examples of this being
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done with natural black chalk have been described by Jameson (1816), Bingley (1831),
and Meder (1919). In the 17th century, fabricated natural white chalk was created by
grinding calcite natural white chalk to a powder, mixing it with ale-wort and milk
binders, and shaping the resulting paste into drawing sticks (Salmon 1685). In visual
appearance within a drawing and in chemical makeup, natural chalks and fabricated
natural chalks are nearly identical with only a few minor differences (Mayhew et al.
2010).
In contrast, an artificial or synthetic chalk is a manufactured drawing medium.
―By definition a pigment in synthetic chalk or crayon, which may not be anything more
than the natural mineral ground up, is mixed with a filler such as clay, a binder and a
grease, oil or wax, to vary the density, hardness and consistency of the material‖
(Corrigan 1997, 71). In the literature, synthetic chalks are also referred to as artificial
chalks (James 1997; Meder 1919). Corrigan noted an example of the use of an artificial
white chalk made from lead carbonate on a drawing dated between 1620 and 1630 by
Abraham Bloemaert (1565-1651), entitled, Two studies of Women’s Heads (Corrigan
1997). Lead-based artificial white chalks were also described in a mid 18 th century
artists‘ manual, ―Where an extraordinary degree of whiteness is required, a crayon may
be made from flake white, as prepared by the colourmen; which being well powdered and
moistened with milk…‖ (Dossie 1758). In a slow manner, the artificial chalks and
crayons gradually replaced the natural chalks beginning in the 18th century (Corrigan
1997).
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Watrous (1957) defines the category of a fabricated chalk or pastel as a paste
made from a pigment, any pigment, that has been ground and mixed with a binder, which
is a far larger category than fabricated natural chalk and would not include fabricated
natural chalks that do not have a binder added. An example of a fabricated white chalk
that was in use was made from tobacco pipe clay (Barrow et al. 1735); in this case the
clay provided its own binder.
The term white chalk by itself is often used when the type of drawing chalk,
natural, synthetic or artificial, has not been specified or is not known. To prevent
confusion and to improve clarity, the terms natural white chalk, fabricated natural white
chalk, fabricated white chalk, and artificial white chalk are maintained in this manuscript.
It should be noted that most of the natural drawing chalks, including natural red
chalk and natural black chalk, were composed of very different materials than the
composition of the one true genuine chalk from a geological perspective, which is calcite.
Geologically these other drawing chalks were composed of carbon schists, non-calcite
sediments, and other materials. However, from a functional viewpoint, they were given
the term chalk by the artistic community because they all had in common the important
physical property of being able to be used for drawing or writing (Chambers and
Chambers 1896).
When describing the natural white chalks used for drawings, Watrous (1957)
describes only two types, tailor‘s chalk, and calcite natural white chalk, citing that most
of the literature references for tailor‘s chalk can be found prior to 1700 and for calcite
natural white chalk from 1600 to 1900. The tailor‘s chalk was cut from blocks of steatite
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(Hopkins 1914), and the calcite natural white chalk was cut from blocks of true chalk, a
compressed sediment of the fossilized remains of microscopic algae and other sea
microorganisms, which is composed of calcium carbonate (Bishop 2005).
In contrast, Corrigan lists four types of natural white chalks, including tailor‘
chalk, calcite chalk, gypsum plaster, and a white earth, known as grafio blanco, which
she wrote was described by Imperato in 1599 as, ―…it could be cut into drawing points, it
dissolves in water, it is not hardened by heat, it is acid to the taste‖ (Corrigan 1997, 71).
From the description given, this material would not be calcite natural white chalk, which
does not dissolve in water, or white clay, which would be hardened by heat. There is
little information on what grafio blanco was, nor how widely it was used.
Further, although gypsum plaster was traditionally used as a white chalk, the
descriptions of its use (Corrigan 1997; Meder 1979) does not meet the definition of a
natural white chalk as it was not simply cut into drawing sticks once it was quarried. It
required fabrication to reduce it to a fine powder, heat to convert it from its hydrous state
to its anhydrous state, and then mixture with water before it could be shaped or cast in
molds to form drawing sticks. Watrous places white chalk made from calcined gypsum
plaster in the category of a fabricated white chalk (Watrous 1957).
Meder‘s chapter on the broad-line media details white chalks in general, lumping
together both natural and artificial white chalks without distinction. Meder (1978) also
references Imperato‘s white earth, but calls this type of white chalk, Grafio bianco and
lapis bianco, and states that it was not much used.
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Within this context, that leaves only two types of natural white chalk that were
used by the European old master artists with regularity, tailor‘s chalk and calcite natural
white chalk, both of which are the focus of this manuscript.

2. STEATITE NATURAL WHITE CHALK
Tailor‘s chalk, is geologically known as steatite, and has been documented in use as a
drawing medium since at least the end of the 14th century (Cennini 1960), and later by
other authors (Vasari 1960; Baldinucci 1681).

2.1 GEOLOGY AND SOURCES OF STEATITE NATURAL WHITE CHALK
Steatite is a massive form of talc produced by low- or medium-grade
metamorphism of magnesium rich rocks (Bishop et al. 2005). Many authors (Watrous,
1957; Corrigan 1997; James 1997) have erroneously referred to tailor‘s chalk as
soapstone, which is another massive form of talc, perhaps because of the considerable
confusion in the use of the term soapstone that persists even today.

―In general,

soapstone, talc, and steatite are closely related forms of hydrous magnesium silicate; they
may vary from each other only slightly in mineral percentages. Talc – H2Mg3(SiO3)4 –
is the primary form; soapstone and steatite are massive varieties of talc..…All of these
metamorphosed materials share a distinctive greasy or soapy feel‖ (Ericson and Purdy
1984, 131). The fact that these three forms of talc share this same greasy or soapy
characteristic may have lead to the confusing use of the term soapstone when referring to
steatite, talc, and other soft greasy stones. Hopkins noted the misuse of this term, and
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wrote that in common parlance, soapstone ―…is the most widely used term, and is
applied to any soft rock which can be cut readily‖ (Hopkins 1914, 194).
Steatite is a chemically pure form of talc, modified to a massive crypto-crystalline
form by metamorphosis. ―For the massive varieties of talc there are a number of names
based on the purity and texture of the mineral. Steatite is properly applied to the compact,
crypto-crystalline type. It is the most valuable form of the mineral, as it can be sawed into
pencils or worked into gas tips or ground to powder. …It is commonly derived from the
alteration of magnesian limestones‖ (Hopkins 1914, 194-5). Soapstone, in contrast, is
another massive form of talc defined as an ―impure form of steatite which contains
varying amounts of chlorite, tremolite, pyroxene, magnetite, pyrite, quartz, and
carbonates of calcium and magnesium. Its impurity is due to the fact that it is usually
derived from the alteration of a basic, igneous rock, often pyroxenite.…The composition
of soapstone necessarily has a wide range of variation‖ (Hopkins 1914, 195). This wide
variation in composition means that soapstones can vary greatly in both color and in
hardness, attributes that go against the requirements of a good drawing chalk. Depending
on their specific composition, soapstone colors include white, greens, browns, and black,
and the upper range of hardness for soapstone is between 3 and 4 on the Mohs scale
(Rapp 2009), which is too hard to leave a mark on paper.
In the late 1700s, both Spanish chalk and French chalk were listed as types of
steatite (Martyn 1782), although it was not stated if these countries were sources of the
chalk sawn into drawing sticks or for the finely ground powdered chalk, for steatite in
both forms was produced for use within the artistic community.
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2.2 COMPOSITION OF STEATITE NATURAL WHITE CHALK
Steatite is a relatively pure form of talc, modified to a massive crypto-crystalline
form by metamorphosis, and thus has the same chemical composition as talc with few
impurities. ―Talc is an acid metasilicate of magnesium with the theoretical composition:
silica, 63.5; magnesia, 31.7; and water, 4.8.‖ (Hopkins 1914). The chemical formula for
talc, and thus also for steatite, is given as Mg3Si4O10(OH)2 (Bishop et al. 2005).

2.3 PROCESSING STEATITE NATURAL WHITE CHALK FOR DRAWING
Near the end of the 14th century, Cennini (1960) described how the artist should
cut blocks of tailor‘s chalk into little narrow sticks, sharpen them to a point with a knife,
and insert them into the cut end of a goose feather quill to use as a drawing tool. In
addition, he described a chalk holder fashioned from a short length of quill inserted on
the end of a short wooden shaft with a small piece of the steatite natural white chalks
inserted into the other end of the quill.

2.4 PHYSICAL CHARACTERISTICS OF STEATITE NATURAL WHITE CHALK
According to Gerhartz et al. (1996) steatite, is a massive form of talc which is
fine-grained, white to off-white in color, has a slippery or greasy feel, is chemically inert,
hydrophobic, and organophilic. This slippery or greasy property allows powdered steatite
to be used as a lubricant (Tarr 1905). Kirwan (1794) wrote that the straight-layered
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lamellae structure that composes steatite will separate from each other very easily and
that in very thin sections it becomes nearly transparent.
While talc itself is extremely soft and is the de facto standard for the lowest
hardness rating of 1 on the Mohs scale, steatite is a massive form of talc which has
undergone mild to moderate metamorphism, making it compact and harder than talc.
Thus steatite is capable of being sawed into a durable drawing stick that does not crumble
or break in use and will easily mark paper. Many references for the hardness of steatite
are confusing and instead give hardness ratings for soft talc or for the impure and
typically harder soapstone.

2.5 VISUAL COMPARISONS OF STEATITE NATURAL WHITE CHALK
In raw form, steatite is described as, ―When fresh and pure it varies in color from
light green or cream colored to white or grey; but when ground it yields a white powder.‖
(Hopkins 1914, 194). Strokes from this type of natural white chalk have been described
as having ―little body and moderate covering power‖ (Watrous 1957, 108).

3. CALCITE NATURAL WHITE CHALK
Calcite natural white chalk has had a long history of use in art. It was used since classical
times by painters who pulverized it and mixed it with hide glue to make a ground layer
for their paintings (Gettens et al. 1993). However, references dated between 1600 and
1900 document that it was cut into sticks and used for drawing purposes (Watrous 1957).
Many 18th century artists‘ manuals and handbooks recommend sawn sticks of calcite
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natural white chalk for use over fabricated white chalks or artificial white chalks (Barrow
1735; Jackson 1749; Smith 1799).

3.1 GEOLOGY AND SOURCES OF CALCITE NATURAL WHITE CHALK
According to Pirsson (1915), calcite natural white chalk is a soft very fine
granular type of limestone, composed of intact and broken pieces of calcareous tests of
planktonic Foraminifera and of microscopic calcareous algae coccospheres. The primary
nanofossils that compose calcite natural white chalk are tiny disk-shaped coccoliths
which can be found as intact specimens, or as broken coccolith fragments (Gettens et al.
1993).
The majority of this type of natural white chalk was created during the Cretaceous
period in seas where there were little to no other sediments deposited making it a very
pure form of limestone (Bishop et al. 2005). These natural chalks formed in clear-water
epeiric or shelf seas adjacent to low lands where the specifics of tides, stable continental
interiors, slope gradients, and restrictions result in low sedimentation rates (Schlager
2005).
Citing Charles Taylor‘s 1797 Compendium of Colors and Other Materials Used
in the Arts, Watrous wrote, ―This soft chalk, however, varied in this characteristic
depending upon the source of country from which it came. Taylor, in the late eighteenth
century, considered that imported from Italy to be the best, and also the most desirable
for small drawings because of its fine texture and firmness. He described the natural
white chalks from France as being soft and only suitable for large subjects; and he stated
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that of Spain was neither as soft nor as firm as the chalks from the other two countries‖
(Watrous 1957, 108). Chalk is quarried in Belgium near the French border, in Rouen, in
Troyes, and in northern Germany (Gettens et al. 1993).

3.2 CHEMICAL COMPOSITION OF CALCITE NATURAL WHITE CHALK
Calcite natural white chalk is composed of 94-98% calcium carbonate, CaCO3,
with minor impurities such as silicon dioxide, SiO 2, or magnesium carbonate, MgCO3
(Pirsson 1915). Kirwan (1794) gave the composition as 95% calcium carbonate with 2%
clay, and 3% water. The presence of the carbonate component can be elicited on a
microscopic slide by a strong production of gas bubbles when a tiny particle of calcite
natural white chalk is touched with a drop of dilute hydrochloric acid (Gettens et al.
1993). This chemical property of calcite natural white chalk can be the source of losses
in old chalk drawings on degraded acidic paper which have undergone water treatment.
According to Tegethoff et al. (2001), calcium carbonate in solution has a pH value of 8.6.
If the pH value of calcium carbonate on wet paper is below 8.6, the calcium carbonate
decomposes giving off carbon dioxide. However, this decomposition process proceeds
very slowly until the pH value is below 6.8.

3.3 PROCESSING CALCITE NATURAL WHITE CHALK FOR DRAWING
Barrow et al. (1735) wrote that artists used special thin-bladed saws that were
about 4 inches (10 cm) long to cut the soft white calcite natural chalk into drawing sticks
that were described to be 1.5 to 2 inches (3.8-5 cm) in length. The corners were then
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rounded with a penknife and the chalk tip was sharpened. When describing how to make
a variety of pastel crayons, Dossie wrote, ‖For forming white crayons for common
purposes, chalk, in its natural state, is superior to any composition: it should be chosen
white, pure and of the most cohering texture: and it must be cut first into squares, by
means of small saws, made for this use, of three inches length, and a quarter of an inch in
thickness; and afterwards formed into a proper pencil shape, by taking off the corners
with a penknife, and duly sloping the point‖ (Dossie 1758, 191).
Meder (1978) wrote that all chalks were used in short lengths and held in a variety
of holders including goose quills, reeds, and eventually the metal porte-crayon as a way
of protecting the chalks. However, other authors wrote that it was important to the
technique of drawing that chalks be used in their holders. Cennini (1960) wrote that it
was important that some distance comes between the drawing surface and the fingers to
help with composing. Barrow et al. (1735) wrote that the chalk holder was to be held
very long in the hand so that the end of the artist‘s fingers will be at a large distance from
the drawing point, and that the initial drawing strokes should be made with a very light
touch. He also wrote that if the artist should become accustomed to using chalk holders in
this way the artist will have a greater command of hand and would be able to produce
lines that are freer and bold.

3.4 PHYSICAL CHARACTERISTICS OF CALCITE NATURAL WHITE CHALK
Calcite natural white chalk feels dry and rough, is opaque and although it will
molder, it does not dissolve in water within 24 hours (Kirwan 1794). It is described as
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“…generally of a yellowish-white colour, but sometimes snow-white. It is easily broken,
and has an earthy fracture, is rough and very meager to the touch, and adheres slightly to
the tongue…. Although often very soft and earthy, it is sometimes so compact that it can
be used as a building-stone; and it is used for this purpose either in a rough state, or sawn
into blocks of proper shape and size….Carpenters and others use it for making marks,
which are easily effaced: the blackboard and piece of chalk are now common equally in
the lecture-rooms of universities and in the humblest village-schools‖ (Chambers and
Chambers 1896, 85). As a pigment, calcite natural white chalk is completely light-fast.
(Gettens et al. 1993).

3.5 VISUAL COMPARISONS OF CALCITE NATURAL WHITE CHALK
Kirwan (1794) noted that calcite natural white chalk is opaque in appearance. Its
appearance when drawn on paper was described as its ―crumbling stroke and fluffy
texture make it very difficult to distinguish from some fabricated white chalks‖ (Watrous
1957, 110). Corrigan wrote that it is ―distinguished by its powdery stroke, which takes to
stumping and to broad work over large areas, all the while maintaining its potential range
of values‖ (Corrigan 1997, 69-71).

4. STUDIES OF STEATITE AND CALCITE NATURAL WHITE CHALK
Blocks of steatite natural white chalk (fig. 2) from modern sources and calcite natural
white chalk specimens quarried in Belgium were obtained for this study (fig. 3). The
chalk deposits of coastal Belgium are part of the Anglo-Franco-Belgium chalk basin
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stretching from Dover, England, to the European Continent. This chalk basin produced
the French calcite natural white chalk described by Taylor in 1797. A series of formal and
informal studies were done on these two types of natural white chalks in bulk form and as
lines and marks drawn on paper using traditional drawing techniques to compare their
physical characteristics and chemical composition with those documented in the early
literature and to learn more about their working properties.

4.1 EXPERIMENTAL METHODS
Bulk samples of steatite natural white chalk and Belgian calcite natural white
chalk were sent for FESEM imaging, as well as scanning electron microscope energy
dispersive x-ray (SEM-EDX) microanalyses and x-ray diffraction (XRD) analysis. Refer
to the appendix for the methodology used in these studies.
Mohs hardness testing on bulk samples of the steatite natural white chalk and the
Belgian calcite natural white chalk was done by scratch testing using the Mohs standard
mineral samples of talc, gypsum, and mineral calcite.
The solubility of a small bulk piece of the steatite natural white chalk and the
Belgian calcite natural white chalk, each measuring 1 x 1 x 2 centimeters, were tested by
submerging them in separate cups of distilled water in a studio environment that had a
temperature of 22°C and examining them after 24 hours of soaking.
In order to study the mechanical forces that occur in the process of drawing, a line
was drawn on separate pieces of paper with sharpened pieces of Belgian calcite natural
white chalk and steatite natural white chalk and studied using optical microscopy and
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FESEM imaging. The specifics of the paper and the methodology of how these lines were
created are covered in the appendix. In addition to simple lines drawn on paper, a number
of other traditional drawing techniques were also studied using FESEM imaging.
To soften or blend the dry lines of chalk, artists lightly burnished the chalk marks
with a paper stump, a leather stump, or with their finger (Cross 1897). In order to study
this drawing technique, a line was drawn on separate pieces of paper with Belgian calcite
natural white chalk and with steatite natural white chalk, burnished with light pressure on
a paper stump, and studied using FESEM imaging.
In order to obtain a denser application of chalk for accents or highlights, artists
would sometimes wet the tip of the chalk, often by licking it, before stroking it on paper
(Mayer and Vandiver 1987). In doing so, some types of natural chalks will absorb some
of the moisture, softening the chalk and causing a thicker application of the chalk to be
deposited on the paper with the stroke. Both steatite natural white chalk and Belgian
calcite natural white chalk were licked on their pointed tips and used to mark separate
pieces of paper and studied using FESEM imaging.
A traditional chalk drawing technique that was used to soften or modify the
appearance of a dry chalk line drawn on paper was to stroke it with a soft wet brush,
which could soften the line and, in the case of the water soluble natural red chalk, could
also create a faint wash (Mayer and Vandiver 1987). A line was drawn on separate
pieces of paper with steatite natural white chalk and Belgian calcite natural white chalk
and the mid portion of the line was stroked across the line with sable brush wet with
distilled water and then studied using FESEM imaging.
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Another traditional drawing technique involved grinding the chalk to a fine
powder and applying it to paper as a dry powder using a tuft of cotton or bombast stuffed
into a quill holder (Barrow et al. 1735). This finely ground chalk was also applied to
paper with a leather or paper stump (Barrow et al. 1735; Meder 1919). In the 19 th century,
finely-ground dry powdered chalk was being made from artificial chalks and was given
the unusual name of ―sauce‖ (Cross 1897). For this study both finely powdered Belgian
calcite natural white chalk and finely powdered steatite natural white chalk were applied
to paper using a wisp of cotton ball stuffed in a quill holder and then studied using
FESEM imaging. The details of how these chalks were ground to a fine powder are
covered in the appendix.

4.2 EXPERIMENTAL RESULTS
The findings and results of the various tests, images, and analyses performed on
the samples of steatite natural white chalk and Belgian calcite natural white chalks are
covered separately for each chalk type.
4.2.1 Steatite Natural White Chalk Results
The scanning electron microscope energy dispersive x-ray (SEM-EDX)
microanalysis of the bulk sample of steatite natural white chalk (fig. 4) found strong
counts for magnesium, silicon and oxygen, which is consistent with the chemical formula
for steatite, Mg3 Si4 O10 (OH)2.
The XRD analysis (fig. 5) of the bulk sample of steatite natural white chalk
determined that it was composed of nearly pure magnesium silicate hydroxide,
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Mg3Si4O10(OH)2, which best matched the profile for the International Centre for
Diffraction Data (ICDD) card 13-0558 for talc and the chemically identical steatite.
Notably, although it had similar peaks to the ICDD card 02-0570 for soapstone, it did not
match the soapstone profile as well and it was missing a 19 degree two theta peak.
Under standardized hardness testing using the Mohs scale the steatite natural
white chalk was found to have a hardness between 2 and 2.5, which means that it was
hard enough to scratch gypsum, too soft to scratch mineral calcite, but soft enough to be
scratched by a fingernail. Put into perspective, this level of hardness makes steatite
natural white chalk one of the harder types of the natural drawing chalks, yet not so hard
as to not be able to make a mark on paper. An artist is able to shape this relatively hard
steatite natural white chalk into a very sharp point that is capable of drawing fine lines,
and its sharpened point will last a bit longer than other softer types of chalks before it
needs resharpening.
The steatite natural white chalk specimen was examined after soaking in a bowl
of distilled water for 24 hours. At the end of that time period it appeared to be intact,
without any evidence of surface moldering, and it was able to draw lines on paper as soon
as the chalk‘s surface was wiped dry.
To the unaided eye, and on optical microscopy (fig. 6), the line drawn with the
steatite natural white chalk specimen appears to be more uniform, is not crumbly, is less
dense, and is less opaque compared with the line drawn by the Belgian calcite natural
white chalk.
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The bulk specimen of steatite natural white chalk studied with FESEM imaging
(figs. 7a, 7b) shows polydisperse irregularly-shaped flat fragments and separable lamellae
layers.
When a line was drawn on paper with a sharpened piece of steatite natural white
chalk and viewed under FESEM imaging (fig. 8), it appears to consist of polydisperse
particles including small irregularly-shaped flat fragments and much larger flat fragments
that appear to be loosely scattered on top of each other. Comparing this to the FESEM
image of the unprocessed block of steatite natural white chalk, it appears that when a
piece of steatite natural white chalk is drawn across the paper the easily separated multilayered lamellae layers cleave from each other to become irregularly-shaped flat
fragments. These layers are brittle but tough, such that individual layers break without the
whole failing. When the layered fragment fails, many smaller particles are formed
because several layers have broken in different places and the resultant particle
distribution is polydisperse. Many of the flat fragments are larger than 2 μm.
The line drawn on paper with a piece of steatite natural white chalk and burnished
with a paper stump using light pressure was examined using FESEM imaging (fig. 9).
The images show polydisperse irregularly-shaped flat fragments that appear to be loosely
stacked upon each other. Many of the flat fragments seen are larger than 2 μm.
The line that was drawn on paper with steatite natural white chalk and then was
stroked in its mid portion with a wet sable brush was examined with the unaided eye.
Initially, when the mid portion of the line was dampened with the wet sable brush it
nearly vanished, but only for a brief moment. As that portion of the paper dried, the
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previously dampened part of the line reappeared and was indistinguishable compared to
the adjoining portions of the line that were not stroked with the wet sable brush. There
did not appear to be visible traces of white wash in the areas adjacent to the lines where
the wet brush traveled. When the wet-stroked portion of the chalk line was studied using
FESEM imaging (fig. 10), the images show polydisperse irregularly-shaped flat
fragments that appear to be loosely stacked upon each other, which is similar to the
appearance of the dry line of steatite natural white chalk. Many of the flat fragments seen
are larger than 2 μm.
When trying to duplicate the traditional method of producing thick accents with
the chalk, attempts to moisten the drawing tip of steatite natural white chalk simply made
the chalk very slick and it became very difficult to leave a mark when drawn on a sheet of
paper. Because of its hydrophobic nature, it is unlikely that this wetting technique was
done with steatite natural white chalk. FESEM images were not obtained on this sample
as no significant mark was made on the paper by the wet steatite natural white chalk.
The traditional drawing method of applying dry powdered steatite natural white
chalk to paper with a bit of cotton stuffed in a quill was examined by FESEM imaging
(fig. 11). It appears to consist of both irregularly-shaped flat fragments as well as many
relatively large flat fragments of the layered lamellae. Finding so many large particles in
this dry powdered specimen was unusual. It may be that the slippery nature and thin flat
sheet-like nature of these steatite particles kept many of them laying flat on plane
between the granite slab and the muller during the grinding process so they did not
tumble the way that cubic particles will, and thus did not break up as much.
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In summary, the FESEM images of the steatite natural white chalk when drawn
on paper showed that the lines and marks on paper appear to consist of polydisperse
particles including small irregularly-shaped flat fragments and larger irregularly-shaped
flat fragments. The bulk specimen of this chalk was composed of layers which are brittle
but tough, such that individual layers break without the whole failing. When the layered
fragment fails, many polydisperse particles are formed because several layers have
broken in different places. In all of these images of traditional drawing techniques on
paper, many of the flat fragments seen are larger than 2 μm. Combined with the physical
property that these steatite particles are slippery, this relatively large particle size may
account for the observation that in many extant old chalk drawings, the white chalk
seems to be more vulnerable to abrasion than do the natural red and black chalks on the
same drawing. It is the sub-micron size and morphology of both natural black chalk
(Mayhew et al. 2010) and natural red chalk (Mayer and Vandiver 1987) that account for
their biting nature and relative resistance to erasure. Due to its hydrophobic nature, the
steatite natural white chalk did not leave a mark on paper when its tip was wet, and when
a dry line was drawn on paper it appeared to be unaffected by stroking it with a wet sable
brush. Thus, these two traditional drawing techniques, which were used with other types
of natural chalks, may not be of use with steatite natural white chalk.

4.2.2 Belgian Calcite Natural White Chalk Results
The SEM-EDX microanalysis of a bulk sample of Belgian calcite natural white
chalk (fig. 12) showed strong counts for carbon, calcium and oxygen. This is consistent
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with the chemical formula for calcite, which is CaCO 3. There was a small peak of
aluminum shown, which could represent a trace amount of clay or may be an artifact due
to the aluminum post of the sample mount.
The XRD analysis of the Belgian calcite natural white chalk (fig. 13) found the
sample to contain only a single phase which corresponds to ICDD card 81-2027 for
calcite (CaCO3). Due to the inherent sensitivity of the XRD instrumentation, which is 25% by weight, the sample would be considered to be 95-98% calcite.
The hardness of the Belgian calcite natural white chalk specimen was found to be
between 1 and 2 on the Mohs scale which means it was not hard enough to scratch
gypsum but was able to scratch soft talc. Thus the Belgian calcite natural white chalk is
softer than the steatite natural white chalk. The lines drawn by the Belgian calcite natural
white chalk were not as fine, and it was not able to maintain its sharpened point quite as
long with use when compared to the steatite natural white chalk specimen. It should be
pointed out that the mineral form of calcite has a hardness of 3 on the Mohs scale,
however the calcite natural white chalk is functionally softer due to the ease of breaking
up the friable matrix of compact coccoliths and other nanofossils.
The piece of the Belgian calcite natural white chalk specimen that was placed in a
bowl of distilled water was examined after soaking for 24 hours and it was found that,
although the piece did not dissolve, the surface of the chalk felt slightly slick to the touch.
However, this soaked piece of chalk could still draw a line after its surface was wiped dry
with a paper towel.
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To the unaided eye, and by optical microscopic imaging (fig. 14), the line drawn
with the Belgium natural white chalk specimen appeared to be an opaque, thick
crumbling stroke with fluffy texture.
The bulk specimen of Belgian calcite natural white chalk was examined using
FESEM imaging (figs. 15a, 15b) and its appearance consisted of an agglomeration of
intact coccolith specimens, broken fragments of coccoliths, and other nanofossil debris.
The intact coccoliths were approximately 6 μm across their longest length. The intact
coccoliths were composed of dozens of small subunit segments that are roughly
tetragonal in shape with rounded edges and are arranged in a radial pattern. The broken
coccolith fragments varied in size based on whether they were coccoliths broken simply
in half, or into smaller coccolith subunits, but many of them were larger than 2 μm.
The line drawn on paper with a sharpened piece of the Belgian calcite natural
white chalk was studied using FESEM imaging (figs. 16a, 16b) and appears to be
composed of coccolith subunits, coccolith fragments, some intact coccoliths, and other
nanofossil debris. There appears to be fewer intact coccoliths than was seen in the intact
block of Belgian calcite natural white chalk. It appears that the mechanical forces
associated with drawing the chalk across the paper is sufficient enough to break some of
the intact coccoliths and coccolith fragments into smaller particles.
The line drawn on paper with a piece of Belgian calcite natural white chalk and
then lightly burnished with a paper stump was examined using FESEM imaging (figs.
17a, 17b). This drawing technique showed fewer intact coccoliths, more coccolith
fragments, and smaller broken fragments of nanofossil debris. These smaller particles
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included both cubic and tetragonal shapes with rounded edges. In addition, many of the
small particles reside in the spaces between the paper‘s fibers. The light burnishing with
the paper stump appears to have broken the intact coccoliths and larger particles into
smaller particles, or has lifted and removed many of these larger particles, or has done
both. These images may hold some answers as to the observed losses in many old
drawings due to abrasion and wear.
The line drawn on paper with the Belgian calcite natural white chalk and then a
portion of the line was stroked with a wet sable brush was examined with the unaided eye
during the process of its application. The wet portion of the line visibly faded, however
when that portion of the paper dried, the previously wet portion of the lines remained
faded. The previously wet portion of the line showed a significantly lower density of
pigment, and had softer edges compared to the adjoining portions of the chalk line that
was not stroked with the wet sable brush. There did not appear to be visible traces of
white wash in the areas adjacent to the lines where the wet brush traveled. When these
wet-stroked lines were studied using FESEM imaging (figs. 18a, 18b) there appeared to
be a predominance of smaller coccolith fragments and other nanofossil debris, with many
of these fragments greater than 2 μm. This appearance is similar to the image of the dry
chalk line that was burnished with the stump. However, in contrast to burnishing, it is
unlikely that the gentle force of being stroked with a wet sable brush is sufficient to cause
much breakage to the coccoliths and coccolith fragments. The wet brush may have picked
up and removed some of the larger coccoliths and coccolith fragments leaving a
predominance of smaller fragments behind.
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Unlike the steatite natural white chalk, which when wet would barely mark the
paper, calcite natural white chalk is porous and will absorb some moisture. The thick
mark that was made with a sharpened piece of Belgian calcite natural white chalk
specimen moistened by licking the tip before it was stroked on paper was studied using
FESEM imaging (figs. 19a, 19b). Its appearance is very similar to the bulk specimen of
Belgian calcite natural white chalk, and was similarly composed of an agglomerate of
numerous intact coccoliths, coccolith fragments and other nanofossil debris. It would
appear as though an intact bit of the Belgian calcite natural white chalk was delivered to
the paper fairly intact without much disruption of the coccolith structure.
The dry Belgium natural white chalk powder that was applied to paper using a
wisp of cotton ball stuffed in a quill holder was studied using FESEM imaging (fig. 20).
The appearance of this dry method of applying powdered chalk to paper showed
occasional intact coccoliths, but predominantly broken coccolith fragments, and other
nanofossil debris reflecting the effects of the grinding that was done to create the
powdered chalk. Grinding chalk on a stone slab with a muller was commonly done by
painters to make chalk grounds to prepare their painting panels. Broken coccolith
fragments, and even intact coccoliths have been seen on magnification of traditionally
prepared painting panels, such as on the chalk ground for the painting, The Annunciation,
by the Master of Liesborn who was active second half of the 15 th century (Gettens et al.
1993).
In summary, the FESEM images of the Belgian calcite natural white chalk drawn
on paper showed that the lines and marks on paper appear to consist of some intact
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coccoliths, coccolith fragments, and other nanofossil debris. With the addition of other
traditional drawing techniques, such as light burnishing of the chalk line with a paper
stump, these coccoliths and coccolith fragments appeared to break up into smaller pieces
or these larger particles were lifted by the stump, or both. However, in all of these
traditional drawing techniques, many of the observed natural white chalk particles,
including intact coccoliths, coccolith fragments, and other nanofossil debris, were greater
than 2 μm in size. This relatively large particle size combined, with the predominant
particle morphology of an assortment of cubic and tetragonal particles with rounded
edges, may be responsible for the observation that in many extant old chalk drawings, the
white chalk seems to be more vulnerable to losses due to abrasion than do the natural red
and black chalks on the same drawing. As noted previously it is the sub-micron size and
morphology of both natural black chalk (Mayhew et al. 2010) and natural red chalk
(Mayer and Vandiver 1987) that account for their biting nature and relative resistance to
erasure. The Belgian calcite natural white chalk is porous, so a thick dense highlight was
produced by wetting the chalk tip before drawing it on paper. However, this chalk is not
water-soluble so it did not produce a wash when a line drawn on paper was stroked with a
wet sable brush, as happens with natural red chalk. That said, the Belgian calcite white
chalk line did soften and appear less dense under this treatment, but that may have been
due to the mechanical removal of some the larger particles by the wet brush.

5. CONCLUSIONS

165

Natural white chalks were used as traditional old master drawing media to heighten and
model the illusion of light in drawings from the late 14 th century until artificial chalks and
crayons gradually replaced the natural chalks during the 18 th century. Thus, these
materials have become unfamiliar to the modern artistic community and in modern
literature.
This manuscript details the composition, physical properties, sources, and
methods of processing for drawing purposes that were associated with the two
predominantly-used types of natural white chalk. This research effort also included an
extensive review of the historical record in order to better understand the role played by
the natural white chalks within the realm of fabricated and artificial white chalks that
gradually replaced them.
The formal and informal studies and analyses of modern specimens of steatite
natural white chalk and calcite natural white chalk from Belgium carried out in the scope
of this research contribute to the contemporary knowledge base and understanding of
these drawing materials including their individual working properties and a determination
of their chemical composition by SEM-EDX microanalysis and XRD analysis.
The FESEM images, particle morphology, and the physical properties of the
steatite natural white chalk and the Belgian calcite natural white chalk when drawn on
paper offers a explanation as to why the white chalk in many extant old chalk drawings
seems to be more vulnerable to losses due to abrasion than do the natural red and black
chalks on the same drawing.
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The physical properties of the steatite natural white chalk and the Belgian calcite
natural white chalk also provide explanations as to why they do not work with some of
the traditional drawing techniques that were used with other types of natural chalks such
as natural red and black chalks.
It is of value to members of the artistic and scientific community to have access to
modern sources of natural white chalks and to expand upon the existing knowledge base
of the physical properties and the traditional working methods of the natural white chalks
as a drawing medium. These materials and this information would be useful in the
development of non-invasive techniques to study and analyze priceless extant drawings
as well as of use to evaluate current conservation techniques and to develop and test new
techniques.
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APPENDIX
To create the specimens on paper for optical microscopy and field emission scanning
electron microscopy, both the steatite natural white chalk and the Belgian calcite natural
white chalk were fashioned into drawing sticks of about 40 x 7 x 7 mm, were placed in a
brass porte-crayon, and the end was sharpened to a fine point with a sharp knife and an
abrasive stone. The length from the chalk tip to the end of the porte-crayon was 19 cm.
The porte-crayon was loosely held by the end opposite the tip of the chalk, and the chalk
and holder were held at a 30 degree angle from the horizontal with the chalk tip resting
on a digital scale to determine its tip weight which was found to be 6 grams. A single
straight line was drawn through the center of the longest length of a piece of handmade
cold pressed Twinrocker Turner Blue wove paper holding the porte-crayon loosely at its
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end at a 30 degree angle from the horizontal giving a standard tip weight of 6 grams for
each specimen.
The paper used for all of the trials in this study was a handmade wove paper made
from cotton with a semi-smooth cold pressed finish and internally sized with alkyl ketene
dimer produced by Twinrocker named, Turner Blue.
For optical microscopy, samples of a line drawn on paper with the steatite natural
white chalk and the Belgian calcite natural white chalk were sent to the Straus Center for
Conservation and Technical Studies, Harvard Art Museums. The equipment used was a
Leica Wild M10 microscope with an attached Nikon D300 camera. The magnification
was 15.8 and the rheostat controlled light was raking from the right.
To create the finely powered natural chalks for this study, a piece of the steatite
natural white chalk specimen and a piece of the Belgian calcite natural white chalk were
separately crushed in a porcelain mortar with a porcelain pestle, the coarsely powdered
chalk was placed on a granite slab, mixed with a small amount of distilled water to make
a thick slurry, and finely ground for 15 minutes using a glass muller. The resulting thin
layer of wet finely ground chalk coating the granite slab was allowed to air dry, which
took about 15 minutes, and the dry powdered chalk was gathered up and placed in a glass
jar with a screw lid.
The various chalk specimens in bulk form and as lines and marks on paper were
prepared for FESEM analysis at the University of Arizona‘s University Spectroscopy and
Imaging Facilities. A razor knife was used to cut several small pieces from the
unprocessed block specimens.

The pieces were directly mounted onto aluminum
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specimen stubs using double-sided carbon conductive adhesive tape. The specimens on
paper were cut into approximately 1 cm x 1 cm pieces and mounted to the specimen stubs
as described above. A small piece of carbon or copper tape was placed on the surface of
the paper specimens and connected to the specimen stub to assist with grounding the
sample. All of the specimens were then coated with a thin layer of platinum using a
Hummer 6 Sputtering System. Scanning electron microscopy was performed on the
samples with a Hitachi S-4500 or a Hitachi S-4800 field emission scanning electron
microscope (FESEM). A magnification series of images were taken at 1 k, 5 k, 10 k, 20 k
and 35 k.
SEM-EDX microanalysis was performed on the bulk samples of steatite and
calcite natural white chalks with the Hitachi S-4800 FESEM equipped with a Thermo
Scientific liquid nitrogen cooled detector using Noran System Six program software.
Samples of the raw unprocessed steatite and calcite natural white chalks were sent
to the University of Arizona‘s University Spectroscopy and Imaging Facilities for x-ray
diffraction (XRD) analysis on the Scintag XPS 2000 x-ray diffraction machine to
determine if any phase difference existed between samples, to determine what phases
were present, and to compare results to scanning electron microscope (SEM) work. Each
sample was run from 10 to 70 degrees two theta at an Xray energy of 40Ma and 40KV.
The following conditions were used for the measurement of XRD profiles: X-ray powder
diffractometer (Scintag‘s XDS 2000) wavelength of 1.5406 A Cu-Kα1; generator settings
of 40 kV and 40 mA; slits – emitter: 2 mm, 4 mm; receiver: 0.5 mm, 0.3 mm; continuous
scan @ 2.0deg/min from 10° to 70° 2 Theta. The files generated with SCINTAG are of
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raw data, which are routinely reduced to ‗net intensity‘ by the application of a fast
Fourier noise filter, background subtraction and Kα2 stripping.
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Handmade Turner Blue wove paper
Twinrocker Handmade Paper, 100 East Third Street, Brookston, IN 47923
Telephone (765) 563-3319; Internet: www.twinrocker.com
Minerals for standardized Mohs hardness testing
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Southwestern Minerals, 7008 Central Avenue Southeast, Albuquerque, NM
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Telephone (505) 268-6778
Steatite natural white chalk
Noels, Inc., 601 Scott Avenue, Farmington, NM 87401
Telephone (505) 327-3375
Belgian calcite natural white chalk
Kremer Pigmente GmbH & Co. KG, Hauptstr. 41-47, DE 88317 Aichstetten,
Germany
Telephone 0049 75 65 911 20; Internet: www.kremer-pigmente.com
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Fig. 1. Antoine Watteau, French, 1684 – 1721. Couple Seated on the Ground, c. 1716.
Red, black, and white chalks on brown laid paper 24.1 x 35.9 cm. National Gallery of
Art, Washington, DC. The Armand Hammer Collection 1991.217.12. Image courtesy of
the Board of Trustees, National Gallery of Art, Washington.

Fig. 2. Photograph of a block of steatite natural white chalk, measuring 11.5 centimeters
on its longest side. The grain resulting from the lamellae structure is visible in this image.
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Fig. 3. Photograph of blocks of Belgian calcite natural white chalk from the AngloFranco-Belgium basin. The block on the far right measures 10 centimeters in its longest
length.

Fig. 4. SEM-EDX microanalysis of the bulk sample steatite natural white chalk found
strong counts for magnesium, silicon and oxygen, which is consistent with the chemical
formula for steatite, Mg3Si4O10(OH)2.
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Fig. 5. XRD spectrum for the bulk specimen of steatite natural white chalk determined
that it was composed of nearly pure magnesium silicate hydroxide, Mg 3Si4O10(OH)2,
which best matched the profile for the International Centre for Diffraction Data (ICDD)
card 13-0558 for talc and the chemically identical steatite.
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Fig. 6. Optical micrograph of line drawn with a sharpened piece of steatite natural white
chalk on paper acquired at 15.8x magnification. The line appears to be uniform, is not
crumbly, is less dense, and less opaque compared with the line drawn by the Belgian
calcite natural white chalk shown in fig. 13.

Figs. 7a, 7b. FESEM images of a block of steatite natural white chalk show polydisperse
irregularly-shaped flat sheets and separable lamellae layers.
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Fig. 8. FESEM image of a dry line drawn on paper with a piece of steatite natural white
chalk, showing polydisperse irregularly-shaped flat fragments that appear to be loosely
scattered on top of each other. Many of the flat fragments are larger than 2 μm.

Fig. 9. FESEM image of a dry line drawn on paper with a piece of steatite natural white
chalk and then lightly burnished with a paper stump, The image shows polydisperse
irregularly-shaped flat fragments that appear to be loosely stacked upon each other. Many
of the flat fragments seen are larger than 2 μm.
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Fig. 10. FESEM image of a dry line drawn on paper with a piece of steatite natural white
chalk and then stroked with a wet sable brush.

The image shows polydisperse

irregularly-shaped flat fragments that appear to be loosely stacked upon each other. This
is similar in appearance to the FESEM images of the dry line of steatite natural white
chalk.

Fig. 11. FESEM image of ground steatite natural white chalk powder applied to paper
using a cotton-tipped quill showing both small irregularly-shaped flat fragments as well
as many relatively large flat fragments of the layered lamellae.
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Fig. 12. SEM-EDX microanalysis of a bulk sample Belgian calcite natural white chalk
showing strong counts for carbon, calcium and oxygen. The chemical formula for calcite
is CaCO3.

Fig. 13. Optical micrograph of line drawn with a sharpened piece of Belgian calcite
natural white chalk on paper acquired at 15.8x magnification. The line appears to be an
opaque, thick crumbling stroke with a fluffy texture.
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Fig. 14. XRD spectrum for the bulk sample of Belgian calcite natural white chalk found it
to contain only a single phase, which corresponds to ICDD card 81-2027 for calcite
(CaCO3).
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Figs. 15a, 15b. FESEM images of a bulk specimen of Belgian calcite natural white chalk
showing an agglomeration of intact coccoliths, broken fragments of coccoliths, and other
nanofossil debris.

Figs. 16a, 16b. FESEM images of a dry line drawn on paper with a piece of Belgian
calcite natural white chalk showing fewer intact coccoliths and more broken fragments of
coccoliths and other nanofossils compared to the block specimen.
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Figs. 17a, 17b. FESEM images of a dry line drawn on paper with a piece of Belgian
calcite natural white chalk and then lightly burnished with a paper stump. This drawing
technique showed fewer intact coccoliths, more coccolith fragments, and smaller broken
fragments of nanofossil debris. Many of the small particles reside in the spaces between
the paper‘s fibers.

Figs. 18a, 18b. FESEM images of a dry line drawn on paper with a piece of Belgian
calcite natural white chalk and then stroked with a wet sable brush, showing a
predominance of smaller coccolith fragments and other nanofossil debris.
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Figs. 19a, 19b. FESEM of a mark made on paper with a piece of Belgian calcite natural
white chalk that was wet with the tongue before marking the paper in order to deposit a
thick and dense highlight. Note the large clump containing many intact coccoliths and
coccolith fragments in fig. 19a.

Fig. 20. FESEM image of ground Belgian calcite natural white chalk powder applied to
paper using a cotton-tipped quill. The image showed occasional intact coccoliths, but
predominantly broken coccolith fragments, and other nanofossil debris reflecting the
effects of the grinding done to create the powdered chalk.
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APPENDIX E
THE NATURE AND EVOLUTION OF METALPOINT GROUNDS FROM THE 4TH
TO THE 16TH CENTURY

This manuscript is in preparation for submission for publication to the Journal of the
American Institute for Conservation.
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ABSTRACT
Traditional metalpoint drawing materials and procedures were examined from the
perspective of the functional nature of the metalpoint ground to understand how this
medium operated and to gain insight into how and why it evolved from its early
beginnings. In the traditional drawing medium of metalpoint, the artist drew with a
pointed metal stylus made from pure metals or alloys of lead, tin, silver, copper, bronze,
brass or gold on a support that was coated with a specially formulated ground, which is
also known as a preparation. The crucial component of the metalpoint ground consisted
of very fine abrasive particles. As the metal stylus traversed the surface of the metalpoint
ground, minute fragments of the metal were shorn from the tip of the stylus by the
abrasive particles of the ground and retained on the support as marks or lines. Samples of
metalpoint grounds, supports and styli were created using the traditional materials and
procedures documented in several primary sources in the historical record. These
specimens were studied using field emission scanning electron microscopic (FESEM)
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imaging, variable pressure scanning electron microscopic (VP-SEM) imaging and from
the viewpoint of modern abrasive theory to gain insight into the physical characteristics
of the materials. X-ray diffraction (XRD) and energy dispersive x-ray (EDX) analyses
were performed on two types of abrasive components documented in use during the
height of this technique in the late 14th century through the early 17th century.

INTRODUCTION
In the traditional medium of metalpoint, the artist drew with a pointed metal
stylus made from pure metals or alloys of lead, tin, silver, copper, bronze, brass or gold
on a support that was coated with a specially-formulated ground, or preparation. The
crucial component of the metalpoint ground consisted of very fine abrasive particles. As
the metal stylus traversed the surface of the metalpoint ground, minute fragments of the
metal were shorn from the tip of the stylus by the abrasive particles of the ground and
retained on the support as marks or lines.
The orientation of this research was directed onto the abrasive nature of the
metalpoint ground that coated the drawing support as key to how this medium changed
and improved over the many centuries of its use. Abrasives have many characteristics
that determine their efficacy including particle size, crystal structure, sharpness, hardness
and durability [1]. The particle size, crystal structure, sharpness and in particular the
hardness of the abrasive component used in metalpoint grounds, relative to the hardness
of the metals and alloys in the metalpoint styli, were the key to the effectiveness of the
ground.
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The materials used to create traditional metalpoint grounds, and the complexity of
these grounds, evolved over a period spanning many centuries contributing to the
development and eventual success of metalpoint as an independent drawing medium.

EXPERIMENT
Metalpoint grounds, supports and stylus mark specimens were prepared using the
traditional materials and procedures documented in primary historical sources and were
sent to the University Spectroscopy and Imaging Facilities (USIF) at the University of
Arizona for scanning electron microscopy (SEM) analysis. Powdered calcined bone and
powdered calcined antler samples were also sent for SEM, energy dispersive x-ray
spectroscopy (EDX) and x-ray diffraction (XRD) analysis. The metalpoint grounds,
supports and stylus mark specimens were prepared for SEM analysis by cutting a small
section of each specimen and directly mounting each cut piece onto a 1 cm diameter
aluminum specimen stub using double-sided carbon conductive adhesive tape. To assist
with specimen conductivity, a small piece of copper tape was placed on the surface of the
specimen and connected to the specimen stub. A few dabs of colloidal silver paint were
applied at the interface between the copper tape and the specimen to assist with specimen
conductivity. A Hummer 6.2 Sputtering System was used to coat the specimens with a
thin layer of platinum. The powdered calcined bone and antler specimens were prepared
for SEM and EDX analysis by placing a small amount of sample onto an aluminum
specimen stub with double-sided carbon conductive adhesive tape. A Desk II Denton
sputtering device was used to apply a thin coating of gold-palladium to the specimen for
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conductivity. SEM was performed on the specimens with a Hitachi S-3400N variable
pressure scanning electron microscope (VP-SEM) using an accelerating voltage of 15kV
and variable pressure mode with a pressure setting of 40 Pascal.

The backscattered

electron (BSE) detector was used in compositional mode to obtain VP-SEM images
showing compositional contrast. High resolution field emission scanning electron
microscope (FESEM) images of metalpoint grounds, supports and stylus mark specimens
were collected using a Hitachi S-4800 FESEM equipped with a secondary electron (SE)
detector and Super EX-B filter technology. An accelerating voltage of 5 kV was used
and Super EX-B Filter settings were chosen to obtain pure secondary electron (SE)
and/or compositional SE and BSE electron images. SE signal is important for high
resolution and surface detail while BSE signal contains compositional information.
Qualitative energy dispersive spectroscopy (EDX) and high resolution FESEM were
performed on the calcined bone and calcined antler specimens using a Hitachi S-4500
FESEM equipped with a Thermo Scientific liquid nitrogen cooled detector coupled with
Noran System Six processing software.

An accelerating voltage of 5 kV was used for

imaging and 15 kV was used for EDX analysis. X-ray diffraction (XRD) analysis was
performed on finely ground samples of calcined bone and calcined antler using a Scintag
XDS 2000 X-ray powder diffractometer with tube wavelength of 1.5406 Å Cu - Kα1.
The raw data files were reduced to net intensity by the application of a fast Fourier noise
filter, background subtraction and Kα2 stripping.
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DISCUSSION
The fact that marks or lines could be drawn with certain metals was documented
during the Classical Roman era. Writing in his encyclopedic, Natural History, in the first
century A.D., the elder Pliny [2] wrote that the metals, lead, silver and copper were
capable of drawing lines. Pliny also wrote that people are often surprised that silver will
draw black lines. However, Pliny did not state what types of surfaces these lines were
drawn on, nor if these observations were ever put into use to create implements for
writing or drawing.

METALPOINT GROUNDS AND MATERIALS FROM THE 4TH TO THE 11TH
CENTURY
The most common durable writing surface in the Roman Empire before the 4 th
century was papyrus, which was not very abrasive and too fragile to have been used as a
support for metalpoint drawing. Although it is not certain when parchment as a very
elaborately processed leather was first introduced, early parchment documents have been
found in the Dura Europos ruins on the Euphrates that date to about 196 B.C. [3]. It was
not until the first half of the 4th century A.D. that parchment eventually became widely
used, mostly due to scholarly interests of the growing Christian populace [3].
Butt [4] described the elaborate process of parchment making by a professional
parchmenter during the Carolingian era. Young animals had thinner skin with fewer
blemishes so particularly fine parchment was made from kid, lamb or calf skin, and
newborn or stillborn animal skins, were very highly valued. The skins were soaked in
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water and a lime solution and then stretched and scraped to remove the hair after which
they were turned over to scrape off the fat and flesh. The skins were thoroughly washed
and stretched on a frame and scraped again while wet. The skins were allowed to dry on
the frames, sprinkled with white chalk powder [4].
In this early stage in the history of metalpoint drawing the effective abrasive
particles on parchment consisted of a coating of dry powdered white chalk rubbed onto
its surface. The white chalk (fig. 1) used is a natural product that formed in the ocean
from a compressed mass of calcareous tests of planktonic foraminifera and microscopic
calcareous algae coccospheres [5]. These calcareous tests, or skeletons, are composed of
calcite, which in its mineral form has a hardness of 3 on the Mohs scale [6].
Middleton [7] described the writing and drawing tools of the medieval illuminator
and included two types of metalpoint styli that were used, the lead stylus and the silver
stylus. He noted that the lead stylus, called a piombino, was most likely an alloy of lead
and tin. According to Pliny [2], during the classical Roman era the metals of lead and tin
were believed to be two different forms of lead and were usually alloyed together. Lead
was referred to as black lead, plumbi nigri, and tin was referred to as white lead, plumbi
albi. This classification of lead and tin may have been due to the fact that they have
similar physical characteristics as they are both very soft metals with lead‘s hardness
being 1.5 [8] on the Mohs scale and tin‘s hardness is 1.7 [9] and they both have very low
melting points.
Middleton [7] noted that a stylus of pure silver made only faint gray lines on
parchment and, because of this, many illuminators preferred to use the lead-tin stylus.
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Pure silver typically has hardness between 2.5 - 3 on the Mohs scale [6], however a
metalpoint stylus made of pure silver could be harder depending on how it was crafted
and maintained. If the point of a silver stylus was cold hammered on an anvil, either in
the process of its creation or in the process of re-pointing and sharpening, then the silver
would become harder. This change in a metal‘s hardness is known as work hardening and
is caused by the compression of the hammer blows to the metal altering the configuration
of the metal‘s molecular structure [10].
Middleton‘s [7] observation about the faintness of the lines made by a pure silver
stylus on parchment or vellum reflects the fact that the hardness of the white chalk
particles on the surface of the vellum is very close to and only slightly greater than the
hardness of the silver of the drawing stylus.

Fig. 1. FESEM image of natural white chalk showing a calcareous algae coccolith. Note
the somewhat rounded shapes of the chalk particles.
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According to Davis [11] hardness is an important property of abrasives. Abrasives
will not effectively abrade materials unless the hardness of the abrasive is significantly
greater than the hardness of the work material [1]. The faint lines made by a silver stylus
on traditionally prepared chalk-dusted parchment described by Middleton [7] could be
considered a limitation of metalpoint as an independent drawing medium if the drawing
was intended to be finished completely with the silver stylus. This very light and limited
tonal value range obtained by a silver stylus on a chalk-dusted parchment would limit the
artist‘s range of graphic expression. However, these same faint lines made by the silver
stylus could be useful to the illuminator when used as an initial underdrawing for work
on traditional parchment that was to be finished in color or pen and ink.

METALPOINT GROUNDS AND MATERIALS IN THE 12TH CENTURY
In the early 12th century the artisan monk, Theophilus Presbyter, wrote a detailed
manual, De diversis artibus [12], describing the materials and procedures of painting,
metalworking and glass working. In this manual, he describes a metalpoint drawing
technique used to draw patterns on a wooden panel for making stained glass windows.
To prepare the surface of the wooden board he wrote that a block of white chalk
was to have been scraped with a knife onto its surface, sprinkled with water and the
resulting chalk and water mixture was rubbed into the board with a cloth and allowed to
dry. He stated that you should draw on this surface with a stylus of plumbo vel stagno
[12], which is usually translated as a stylus of lead or tin (fig. 2).
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When satisfied with the initial drawing, the lines made by these soft metalpoint
styli were gone over with black or red pigment to ‗fix‘ the drawing to the support.

Fig. 2. VP-SEM image of a lead stylus mark on a white chalk ground on Linden wood
panel.

Besides the mildly abrasive nature of the chalk-based abrasive limiting the
medium to the softest metals for use as drawing styli, an additional issue facing the
medium of metalpoint in this period was the fact that metalpoint drawings on supports in
which the abrasive particles were held only by mechanical bonds were fragile. Because of
this, metalpoint was typically functioning as an underdrawing medium that could be
modified and corrected but ultimately had to be fixed in a more durable medium.
Fortunately, over the next two centuries artists successfully adopted new materials and
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developed new procedures that enabled them to address and overcome the constraints that
limited the medium of metalpoint and launch metalpoint into its zenith as a complex,
independent and widely used drawing medium.

METALPOINT GROUNDS AND MATERIALS IN THE 14TH TO 16TH CENTURY
Scheller [13] noted that drawing as an independent art form was eventually
accepted as a fine art by the middle of the 15th century. He noted that before this time,
extant autonomous drawings are difficult to find and are nearly nonexistent before 1350.
It was not until the 13th century that paper manufacturing had been established throughout
Europe [14]. The availability of paper as a new and economical drawing support, when
compared to the expense of fine parchment, did much to promote autonomous drawing as
an art form.
A few rare late 14th century metalpoint drawings have survived. A fine example is
the boxwood panel notebook attributed to Jacquemart de Hesdin housed in the Pierpont
Morgan Library (M. 346 and M. 346A). Thus by the late 14 th century metalpoint had
evolved into a complex drawing medium in its own right.
The appearance, complexity and capability of the medium of metalpoint drawing
had evolved over the preceding centuries into a mature and highly sophisticated drawing
medium that could stand alone in its own right. Somehow the materials and procedures of
traditional metalpoint had evolved to address the limiting constraints that faced artists in
the previous centuries.
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It is very fortunate for our understanding of the nature and evolution of this
medium that at least two important manuscripts, produced by artists who were actively
working at the end of the 14th century, have survived and provide documentation
detailing the materials and procedures used for traditional drawing metalpoint drawing.
The first manuscript came from the Flemish painter, Jacob Cona, who dictated his
instructions to Johannes Alcherius in 1398 while he was living and working in Paris [15]
Alcherius‘ treatise entitled, De Coloribus diversis modis tractatur, contained Cona‘s
dictation, which included very concise instructions detailing the materials and methods of
metalpoint drawing along with other workshop procedures.
The other important manuscript came from the Italian craftsman, Cennino D'
Andrea Cennini [16] who wrote his handbook, Il Libro dell' Arte, near the end of the 14th
century. He wrote the manuscript as a handbook of instructions for the use of anyone who
wanted to become an artisan and within its pages he detailed the ingredients, formulations
and procedures for preparing supports for drawing with metal styli.

THE ABRASIVE COMPONENT OF 14TH TO 16TH CENTURY METALPOINT
GROUNDS
The physical characteristics of the abrasive particles of the metalpoint ground are
the key to determining what kind of metal styli will be able to mark the prepared support
and the overall tonal range of values that will be available to the artist using the stylus.
Therefore it is important to determine what type of abrasives artists used to create their
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metalpoint grounds during the 14th to 15th century that enabled the medium to soar to its
peak of complexity and widespread use.
In the late 14th century, both Cona [15] and Cennini [16] described the use of
chalk or gypsum to make grounds for painting supports. However, it is noteworthy that
neither Cona nor Cennini recommend using these chalk or gypsum grounded painting
supports for metalpoint drawing. Both Cona and Cennini insist that calcined bone, which
was created by burning bone to a fine white ash, was to be used as the abrasive
component for metalpoint grounds [15, 16]. To make calcined bone, Cennini [16] wrote
that bones from the joints or wings of birds found under the dining table or the thigh bone
of a gelded lamb were put into the fire until they turned ash white. Cona [15] stated that
you could use the bones of any animal or bird but said that the bones of the stag in
particular were better. However, he also dictated that the antlers of the stag, called stag
horns, were even better than bone. He instructed that the bones or antlers should be
burned for a long time in a very hot fire until they are friable and have turned white.
Mammal bone consists of about 33% organic material such as vessels and
cartilage and the remaining part of bone is inorganic material of which the largest portion
consists of calcium phosphate, which makes up 57% of the bone material [17]. According
to Miller and Marchinton [18], in most species of deer the antler growth is a yearly cycle
stimulated by increasing length of daylight in the spring. Antlers grow through a process
of mineralizing a protein matrix with calcium and phosphate, which are deposited from a
vascular external velvet coat during the final phase of antler growth. In the fall, rising
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testosterone levels stimulate the shedding of the vascular coat leaving behind the
hardened antler, which is composed of 50-60% calcium phosphate [18].

Fig. 3. EDX analysis of calcined antler. The EDX analysis of both the calcined bone and
calcined elk antler in this study were basically identical to each other.

Upon burning bone or antler, most of the organic components will burn off and
the calcium phosphate will crystallize into salts (fig. 3) mostly in the form of
hydroxyapatite [1] which has the chemical formula of Ca10(PO4)6(OH)2 [19]. When
bone is calcined at a temperature of 500 degrees centigrade, hydroxyapatite crystals will
form with an average size of 0.2 microns, however the size of the hydroxyapatite crystal
will increase when bone is burned at higher temperatures with the crystal size increasing
to approximately 0.5 microns at 1100 degrees centigrade [19].
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Fig. 4. FESEM image of calcined bone showing the hydroxyapatite crystalline structure,
note sub-micron size and the sharply faceted nature of the crystalline structure.

Crystals of hydroxyapatite are unique in that they are very small but they have a
very large surface area due to its structure as a hexagonal plate with a lattice built from
the calcium ions and phosphate anion‘s oxygen atoms, which run parallel to the axis of
the crystal [20]. The XRD analysis found that the composition of both the calcined bone
and calcined elk antler prepared for this study consisted of at least 98% calcium
phosphate hydroxide in the form of hydroxyapatite.
Hydroxyapatite crystals are very effective abrasives (fig. 4) and have a hardness
of 5 on the Mohs scale [21]. This level of hardness of the hydroxyapatite crystals
represents a significant improvement over the use of the mildly abrasive chalk particles
used in previous centuries. By using calcined bone, or calcined antler, to create more
effective metalpoint grounds, artists were now able to use a variety of metalpoint styli
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made from metals that are harder than the soft lead or lead-tin alloys and even harder than
pure silver.
In the year 1398, the Flemish illuminator Jacob Cona described the use of
metalpoint styli made of silver, copper, bronze, brass and gold [15]. It is noteworthy that
he does not even mention the use of softer metalpoint styli made from lead or lead-tin
alloys.
Copper has a hardness of 3 on the Mohs scale but when alloyed with tin to make
bronze the resulting alloy is even harder than copper. Bronzes will typically vary in
hardness on the Mohs scale from 3.5 - 3.7 [9] depending on how much tin is in the alloy
but at the right proportions bronze can achieve a maximum hardness of 4.5 [22]. The
hardness of brass with zinc content under 50% ranges from 3.1 - 3.2 on the Mohs scale
[23]. Of all of the metalpoint styli described by Cona, the styli made of gold and silver
would be the softest with each of them having a Mohs hardness of 2.5 - 3 [6]. A stylus
made of gold will remain relatively soft as it has a very low rate of work hardening [24].
However, if gold was alloyed with other metals such as copper or silver then the hardness
of the resulting alloy would increase and its work hardening characteristics would
change.
Historically, it is important to note that the nature of the available silver changed
due to social and economic forces that were coincidently unfolding during the peak use of
traditional metalpoint by the European old master artists. These changes were the result
of a severe silver crisis that affected Europe, which began gradually in the 13th century
and extended through the late 15th century. This pan-European silver crisis was due to
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many factors including an outpouring of silver from Europe to finance foreign wars, and
to obtain exotic goods coupled with a series of failures of existing European silver mines
[25]. To stretch the amount of available silver and keep the economies functioning, the
existing supply of silver was debased with increasing levels of copper as the crisis
worsened [25].
Copper has a hardness of 3 on the Mohs scale and many of the silver-copper
alloys produced would have been as hard as or even harder than copper depending on
how much copper was in the silver-copper alloy [26].
Modern non-destructive scientific analyses using particle-induced x-ray emission
(PIXE) and synchrotron radiation induced x-ray fluorescence (SR-XRF) were performed
on several 15th century to 17th century metalpoint drawings [27- 29].

These analyses

found that many extant old master metalpoint drawings were made using metalpoint styli
composed of silver-copper alloys. Drawings made with metalpoint styli cast from silvercopper alloys containing 12-13% copper were commonly found and many drawings were
made with metalpoint styli cast from silver-copper alloys which contained 24-26%
copper [27-29]. These studies have also found the use of metalpoint styli cast from gold,
gold-silver alloys [28], lead and lead-tin alloys [27] on some extant old master metalpoint
drawings.
Artists who worked in the late 14th century were able to exploit the improved
abrasive nature of their metalpoint grounds by using metalpoint styli made of a wider
variety of metals and alloys, many of which were harder than pure silver. This use of
metalpoint styli containing relatively harder metals brought new refinements to the art of
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metalpoint drawing. These harder metalpoint styli maintained their sharpened points
longer enabling finer and more detailed work.
In contrast to the many types of metals and alloys in the metalpoint styli listed by
Cona, Cennini [16] mentioned only two different types metalpoint styli in his manuscript.
The first he called the ‗leaden style‘, which he described as an alloy consisting of two
parts lead and one part tin and thus is identical to the tertiarium lead-tin alloy described
by Pliny [2]. He wrote that the leaden stylus should be hammered very well, a process
known as work hardening, which made the resulting metal slightly harder.
The other stylus that Cennini listed is the silver stylus, of which he described two
types. The first type he referred to as a ‗style of silver‘, in which the entire stylus was cast
of silver. The other type of silver stylus, which Cennini termed the ‗silver-point‘, was
crafted by taking a solid rod of a base metal, such as brass or bronze, to which a small
piece of silver was soldered on each end of the rod. The silver tips on the base metal rod
were then sharpened into drawing points [16].
It is very likely that the constraints of the concurrent silver crisis in Europe
necessitated the design of this rather labor-intensive way of creating a silver stylus.
Cennini‘s use of the term ‗silver-point‘ is credited with the origin of the modern term
silverpoint, which resulted in the use of the general term metalpoint [25].

THE NATURE OF THE BINDER IN 14TH TO 16TH CENTURY METALPOINT
GROUNDS
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The mechanically-bound particles of chalk used in past centuries resulted in
metalpoint drawings that were editable by rubbing the drawing off the surface of the
support, but were also fragile and vulnerable to losses due to simple abrasion and thus
needed to be finished in a more durable medium. Artists needed to increase the durability
of the medium of metalpoint by finding a secure way of binding the abrasive particles to
the drawing support (fig. 5). By the end of the 14 th century, both Cennini [16] and Cona
[15] stipulated that the abrasive particles of calcined bone (or calcined bone and calcined
antler for Cona) were to be mixed with a strong animal glue before the ground was
brushed onto the support.
Animal glues are proteinaceous adhesives composed of long chains of amino acid
that are made from the hide, bone, tendons or cartilage of animals [30]. Most animal
glues have very strong binding strength but Cennini [16] made a point to warn against the
use of fish glue, which is considered a weaker adhesive [30]. Once dry, animal glues
resist rewetting, which was a useful property that enabled the inclusion of water-based
media techniques, such as the addition of an ink wash or opaque white gouache to add
highlights on traditional metalpoint drawings.
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Fig. 5. BSE-SEM image showing a compositional contrast of silver on a metalpoint
ground made from calcined bone and hide glue on paper. Note how the silver fragments
(brightest contrast) shorn from the tip of the drawing stylus have become wedged
between the hydroxyapatite crystals which are securely fixed to the drawing support by
the hide glue.

OTHER COMPONENTS OF 14TH TO 16TH CENTURY METALPOINT GROUNDS
A simple metalpoint ground, consisting solely of calcined bone or calcined antler
mixed with animal glue, is an effective preparation in itself for supports such as
parchment and white paper. However, such a simple metalpoint ground had insufficient
covering power when it came to coating supports such as darker toned papers or wood
panels with grain patterns.
In order to increase the covering power of the metalpoint preparation, additional
ingredients such as lead white or white chalk were sometimes added to the formulation
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for metalpoint grounds. In these cases, the lead white or white chalk did not function as
abrasive components in the ground as they were softer abrasives than the calcined bone
or calcined antler particles.
Enabled by the more effective abrasive nature of their metalpoint grounds, which
allowed artists to achieve a darker range of tonal values with their metalpoint styli, they
began to mix pigments into their metalpoint ground mixtures to produce colored grounds.
Although some of these pigments, in particular the mineral pigments, had the potential to
function as abrasive components themselves, this was not usually their function as they
typically were added in small amounts. These colored metalpoint grounds allowed artists
of this period to develop an efficient drawing technique that utilized a liquid white
pigment for heightening, which is the process of adding white highlights to their
drawings.

CONCLUSIONS
The keys to the eventual success of the traditional drawing medium of metalpoint
were the physical characteristics of the abrasive particles in the metalpoint ground and
the nature of how they were secured to the drawing support.
As a general rule, one of the most important physical characteristics of the
abrasives used in metalpoint grounds were their relative hardness compared to the
hardness of the metal or alloy in the metalpoint stylus. If the abrasive particles of the
metalpoint ground were only slightly harder than the metal of the drawing stylus then the
stylus would make only faint or light marks limiting the range of tonal values available to
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the artist. However, when the abrasive particles in the metalpoint ground were
significantly harder than the metal or alloy of the stylus, the metal of the stylus was
abraded more effectively. In this situation, the metalpoint ground could shear an
increased amount of metal fragments from the stylus which would be retained on the
support resulting in substantial marks and a wider range of darker tonal values.
The use of significantly harder crystals of calcined bone or antler in the late 14 th
century allowed artists to be able to use harder metals and alloys for their drawing styli.
The harder metals and alloys of these drawing styli could maintain their finely sharpened
points longer in use, which enabled artists to render finer lines and create highly detailed
drawings. Further, the use of more effective abrasive components gave the artists access
to a broader range of darker tonal values from a given stylus, which in turn allowed
innovations to the medium such the ability to work on medium toned colored grounds.
The manner in which the abrasive particles of the metalpoint preparation were
bound to the support related to the durability of the metalpoint drawing. In the 4 th to 12th
centuries of the metalpoint technique the abrasive particles of chalk were simply dusted
onto the support or applied mixed with plain water. These application methods resulted in
a relatively fragile mechanical bond that held the particles of chalk to the support, which
could be removed when the mechanical bond holding the abrasive particles onto the
support was disrupted.
During the zenith of the technique of metalpoint drawing from the 14 th to the 16th
centuries, animal glue binders became an essential part of the metalpoint ground for
finished metalpoint drawings and the use of calcined bone or antler provided significantly
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harder abrasive particles. These improvements became the penultimate standard for this
traditional drawing medium for several centuries and enabled metalpoint to become a
widely used and independent drawing medium in its own right. The addition of an animal
glue binder in the metalpoint ground made the drawings more durable by tightly bonding
the abrasive particles onto the support. As metal fragments were shorn off the drawing
stylus they became imbedded onto the abrasive particles by wedging themselves between
the abrasive particles of the ground, which were now more secure in their bond to the
support. This improvement to the metalpoint ground meant that the metalpoint drawing
no longer needed to be finished in a different drawing or painting media to be durable,
and thus enabled its rise and widespread use as an independent drawing medium.
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