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ABSTRACT

The purpose of this thesis research was to conduct a parametric study of laser and laser plasma

interactions with zirconium and hafnium metal in order to develop Zr nitride and Hf nitride coat-

ings. The study determined optimum focal plane positions, beam power, beam speed, and gaseous

atmospheric conditions to optimize the formation of a continuous nitride film on a zirconium or

hafnium substrate. The use of lasers in titanium nitride formation was studied parametrically by

Nassar et al. [1] and an optimal regime of titanium nitride formation was found. Investigations of

laser-sustained plasma and its role in laser nitriding of titanium [1] was used as a starting point

for this research on hafnium nitride and zirconium nitride formation. Laser-sustained plasma

processing conditions for the formation of near-stoichiometric hafnium and zirconium nitrides,

in an open nitrogen atmosphere, were identified.
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CHAPTER 1

INTRODUCTION

1.1 Refractory Metals and Refractory Metal Nitrides

Nitride coatings can be used in a variety of applications. Nitride coatings can increase the lifetime

of cutting tools because they are corrosion and wear-resistant [2]. They are chemically stable

at room temperature and are only slowly degraded by strong concentrations of acids [3]. Many

medical devices, such as cardiac stents, benefit from zirconium nitride coatings because the coat-

ings are biocompatible and blood compatible [4]. Five types of nitrides form and their categories

can be characterized by their electronic bonding structures. The first type is interstitial nitrides

and for the purpose of this research, interstitial nitrides are the most useful type. The other

four types are covalent nitrides, intermediate nitrides, salt-like nitrides, and molecule forming

volatile nitrides [5]. Only eight elements form interstitial nitrides (titanium, zirconium, hafnium,

vanadium, niobium, tantalum, molybdenum, and tungsten) and out of these eight, only six are

refractory nitrides (titanium, zirconium, hafnium, vanadium, niobium, and tantalum). Refrac-

tory defines a material with a high degree of chemically stability and a melting temperature

above 1800◦ C [5]. Hafnium nitride and zirconium nitride are both refractory and interstitial.

Since the nitrogen atoms can rest within the metal lattice, zirconium nitride and hafnium nitride

exhibit the properties of high thermal conductivity and electrical conductivity. These valuable

material characteristics of hafnium nitride and zirconium nitride in addition to their hardness,

wear and corrosion resistant properties, make them candidates for laser nitriding research.

1.2 The Use of Lasers in Materials Processing

Physical vapor deposition (PVD) and chemical vapor deposition (CVD) are the current methods

of widely producing zirconium nitride and hafnium nitride coatings [6, 7]. These processes are

1
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(a) (b)

Figure 1.1: The differences in methods used to produce nitride coatings: (a) the zirconium
nitride coating was vaporized and deposited onto the substrate; (b) a nitrogen plasma melted the
zirconium substrate and the zirconium nitride reaction occurred as the plate translated under
the laser-sustained plasma.

time consuming because the coatings are deposited in a vacuum. An illustration of this process

can be seen in figure 1.1a. Because of the nature of the PVD and CVD process, the nitride

coatings formed are usually on the order of microns [7]. The use of lasers in nitride processing

leads to the potential for forming a continuous coating directly on a substrate [8]. This process

is described in figure 1.1b. The use of lasers in nitride formation can also lead to thicker coatings

on the order of hundreds of microns [9]. Preliminary experiments have characterized the effect

of lasers on titanium, zirconium, and hafnium nitride coatings, respectively [10]. In previous

studies a laser power equal to or less than 2 kilowatts was used and the role of a laser plasma

was not well understood [2, 11].

1.2.1 The Role of a Laser-Sustained Plasma in Materials Processing

A laser-sustained plasma is produced when free electrons from an evaporating substrate collide

with gas molecules. The excited plasma then evaporates more of the substrate causing more

free electrons to be released and the process continues and is sustained by the laser power. The

role of a plasma in material processing is an important one. Some argue that the laser plasma

absorbs power, therefore less power reaches the substrate, while others argue that in the case of

an infrared laser beam the reflected beam power can be absorbed by the laser-sustained plasma

then returned back into the system [12]. Some of these theories have been tested and some



3

disproved. Nassar et al. [1] showed that the energy input into a substrate is not attenuated by a

nitrogen laser-sustained plasma. There is also the possibility that the presence of a nitrogen-rich

plasma near a metal surface will prevent an oxide from forming during the nitriding process

[1]. Nassar et al. [1] have shown that the existence of a pre-struck laser-sustained plasma can

also offer a larger nitriding regime than previously discovered. The research performed in this

thesis investigated the hypothesis that laser-sustained nitrogen plasma can be used to develop

near-stoichiometric coatings of zirconium nitride and hafnium nitride in open atmosphere.



CHAPTER 2

EXPERIMENTAL PROCEDURE

2.1 Laser Setup and Alignment

2.1.1 Mirror Alignment

Laser alignment is important in order to maximize the laser power reaching the substrate. The

laser used for this research was a 5 kW PRC Laser Corp. STS5000 CO2 laser. During the

experiments, the laser was operating at an output power of approximately 3.5 kW. The laser

and mirror setup is illustrated in figure 2.1. The mirrors were oriented to direct the beam into

the chamber such that the beam was normal to the lens. Each mirror was adjusted separately

and in small increments, starting with the mirror closest to the laser output port. Ideally the

laser beam should be at the center of each mirror. After an adjustment was made, a test burn

was made onto an alumina target. The cross hairs on the target determined whether the mirror

needed further adjustment. An example of such a target can be found in figure 2.2. Within

the chamber, the CO2 beam was focused using a 2 inch diameter, 5 inch focal length, ZnSe lens

which was housed in a Precitec, Inc. CM2” (Z) laser cutting head.

2.1.2 Lens installation

After the installation of a new lens, the focal plane position with respect to the three-axis stage

was calculated. This enabled the laser operator to accurately input stage commands regarding

the off-focal distance of the laser. The setup for determining the focal position is illustrated in

figure 2.3a. As shown in figure 2.3a, the stage moved from right to left as the position of the

laser remained constant. The focal position of the laser beam was identified in the acrylic burn

at the point where the laser beam produced the smallest cut in figure 2.3b and the corresponding

height was calculated using trigonometry and the geometry of the acrylic sheet in figure 2.3a.

4
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Figure 2.1: Setup illustrating the path of the beam before entering the lasing chamber.

Figure 2.2: Alumina target used for laser alignment.

2.2 Materials

The materials used in this study were hafnium and zirconium. The hafnium was 99.95% pure

and the zirconium 702 was 99.8% pure. A detailed analysis of the materials can be found in

appendix A. Refractory metals such as hafnium or zirconium are expensive compared to metals

such as steel or titanium.
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(a) (b)

Figure 2.3: Using an acrylic sheet, the focal position of the laser beam was calculated. Image
(a) shows the angled acrylic resting on a peg of known height. The holes in the acrylic in (b)
indicate the starting position of the laser. As the laser scanned across the acrylic, the thickness
of the trail changed due to the angle of the acrylic sheet.

2.3 Sample Setup

The parameters tested were off-focal distance and scan speed. The laser scans were spaced such

that there were no overlaps of the processed trails. All samples were cleaned with acetone to

remove any contaminants. Figure 2.4 illustrates the setup of the sample on the stage. A three-

axis stage was controlled via a LabView program which varied the off-focal distance of the laser,

stage position, and translation speed.

2.3.1 Striking a Laser-Sustained Plasma

A titanium plate was used to ignite the laser-sustained plasma (LSP) prior to scanning the plate

under the pre-struck LSP. Power measurements were recorded on each day of the experiments

2.4 Preliminary Experiments

A charge-coupled device (CCD) was used to record the laser nitriding process. However, appro-

priate wavelength filters were needed to view nitrogen species in the plasma or substrate emissions

during laser processing. To determine the appropriate wavelength filters, optical spectroscopy

was performed on hafnium and zirconium during processing. The hafnium and zirconium plates

were processed with a nitrogen laser-sustained plasma (LSP) normal to the surface of each plate.

A titanium plate was used to ignite the LSP. The translation speed of each of the Hf and Zr

plates was 75 mm/s. The laser was focused above the surface of the plates. The Hf plate and

the Zr plate were both cleaned with acetone prior to processing. Data were collected at a 4

ms integration time using an Ocean Optics spectrometer. Since the collected data consisted of

spectra that changed over the processing time, the data were analyzed using Matlab. A contour

plot was generated to determine the spectrum that corresponded to a specific processing step. As



7

Figure 2.4: Top view of experimental setup for laser nitriding.

shown in figure 2.5, when the nitrogen plasma was ignited and stabilized, it emitted the spectrum

shown in figure 2.5a. As the nitrogen plasma scanned over the substrate, the spectrum shown

in figure 2.5b was generated. The spectral data, consisting of only stabilized nitrogen plasma

were averaged to obtain a single spectrum. The spectra collected as the nitrogen plasma scanned

over the substrate were also averaged to obtain a single spectrum. The Matlab code used to

average the data is presented in appendix B. The optical spectroscopy results from the Hf plate

are shown in figures 2.6 and 2.7. Figures 2.6 and 2.7 show the spectrum of the nitrogen plasma

in red. The blue spectra in figures 2.6 and 2.7 was the spectra of hafnium and nitrogen plasma as

the LSP scanned across the Hf plate. A closer look at figure 2.6 shows that as the LSP translated

over the hafnium plate near 870 nm, the same peaks appeared. This showed that a band pass

filter can be used in this region to detect only the nitrogen LSP and not the hafnium wavelength

emissions. A closer look at figure 2.7 showed that the nitrogen plasma had a low intensity but

the LSP scan across the hafnium plate produced intense peaks around 724 nm. This showed that

a band pass filter of 720 nm could be used to detect hafnium emissions. In figures 2.6 and 2.7, a

0.6 neutral density (ND) filter was used in the collection of the hafnium spectroscopy data. The

optical emission spectroscopy results for the Zr plate are shown in figures 2.8 and 2.9. Figures 2.8

and 2.9 show the spectrum of the nitrogen plasma in red. The nitrogen and zirconium spectra

were collected using a 0.6 ND filter to limit the intensity of the spectra. The blue spectrum in

figures 2.8 and 2.9 show zirconium and nitrogen plasma as the LSP scanned across the Zr plate.

A closer look at figure 2.8 showed that, as the LSP translated over the zirconium plate near
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820 nm, the same peaks appeared. Therefore, a band pass filter could be used in this region

to detect only the LSP and not the zirconium wavelength emissions. A closer look at figure 2.9

showed that the nitrogen plasma had a low intensity but the LSP scan across the zirconium plate

produced intense peaks around 710 nm. As a result, a band pass filter of 710 nm could be used

to detect zirconium emissions while filtering out the nitrogen plasma emissions.

Figure 2.5: A contour plot used to determine the times that needed to be averaged. Region a)
shows the spectrum data collected from the stable nitrogen plasma before it reached the hafnium
substrate, region b) shows the spectrum data collected while the nitrogen plasma scanned over
the hafnium substrate, and region c) shows the spectrum data collected from the nitrogen plasma
after it scanned beyond the hafnium plate.
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Figure 2.6: Optical spectroscopy results of nitriding a hafnium plate. The red spectrum lines
were from the nitrogen plasma before it began scanning over the hafnium substrate. The blue
spectrum lines were collected while the nitrogen plasma scanned over the hafnium substrate.

Figure 2.7: Optical spectroscopy results of nitriding a hafnium plate. The red spectrum lines
were from the nitrogen plasma before it began scanning over the hafnium substrate. The blue
spectrum lines were collected while the nitrogen plasma scanned over the hafnium substrate.
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Figure 2.8: Optical spectroscopy results of nitriding a zirconium plate. The red spectrum lines
were from the nitrogen plasma before it began scanning over the zirconium substrate. The blue
spectrum lines were collected while the nitrogen plasma scanned over the zirconium substrate.

Figure 2.9: Optical spectroscopy results of nitriding a zirconium plate. The red spectrum lines
were from the nitrogen plasma before it began scanning over the zirconium substrate. The blue
spectrum lines were collected while the nitrogen plasma scanned over the zirconium substrate.



CHAPTER 3

RESULTS

3.1 Effect of Off-Focal Distance on Nitride Films

Hafnium (Hf) and zirconium (Zr) plates were processed with a pre-struck nitrogen laser-sustained

plasma (LSP) normal to the surface. In each case, the plate was translated under the LSP at a

speed of 90 mm/s. Off-focal distances (OFD) of 0 mm, 2 mm, 4 mm, and 8 mm were investigated.

The Hf plate and the Zr plate were both cleaned with acetone prior to processing.

3.1.1 Hafnium Coatings

The colors of hafnium nitride range from a pale yellow for lower nitrogen concentrations to a bright

golden color for near-stoichiometric nitrogen concentrations [6]. As shown in figure 3.1, scans 3.1a

and 3.1b are mostly gray with traces of a golden color. XRD results of scans 3.1a and 3.1b shown

in figures 3.2 and 3.3, respectively, indicate predominately hafnium metal with some nitrides

and a small amount of oxide present. XRD results of scan 3.1c, shown in figure 3.4 indicate

a mixture of hafnium nitride, hafnium oxide, and hafnium metal. XRD results of scan 3.1d,

shown in figure 3.5 show strong hafnium nitride peaks and minimal oxide. Although the purple

and green color of scan 3.1d would indicate the presence of an oxide, XRD analyses indicated

minimal hafnium oxide. Scans 3.1a and 3.1b were both noticeably rough and irregular compared

to scans 3.1c and 3.1d. Scan 3.1d was the most consistent and smooth scan. The XRD analyses

were performed with a PANalytical XPert Pro MPD theta-theta Diffractometer. The large peaks

at 40 degrees in figures 3.2a, 3.3a, 3.5a, and 3.4a were identified as hafnium nitride in all cases.

The results from figure 3.5a indicate that an off-focal distance of 8 mm will produce greater

amounts of hafnium nitride at a translation speed of 90 mm/s, than smaller off-focal distances.

11
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After the hafnium nitride results were analyzed, similar experiments to characterize zirconium

nitride were performed.

(a) (b) (c) (d)

Figure 3.1: Varying off-focal distances on the Hf plate: (a) Laser focused on the surface of the
plate; (b) Laser focused 2 mm above the surface; (c) Laser focused 4 mm above the surface; (d)
Laser focused 8 mm above the surface of the plate. All scans were made at 90 mm/s.

3.1.2 Zirconium Coatings

Zirconium nitride, like hafnium nitride, has a golden color and the colors of zirconium oxide range

from blue to black [4]. Figure 3.6 illustrates the effect of off-focal distance on the zirconium plate.

As indicated in figure 3.6, scans 3.6c and 3.6d have a golden color which indicates the presence

of zirconium nitride. (Note: The black appearance is an affect of the illumination conditions.)

XRD results of scans 3.6c and 3.6d, shown in figures 3.7a and 3.8a indicated that less zirconium

oxide was produced at an off-focal distance of 8 mm compared to 4 mm, at a translation speed

of 90 mm/s. Scans 3.6a and 3.6b were gray-colored and irregular. As scans 3.6a and 3.6b were

both consistent with melted zirconium, they were not analyzed using x-ray diffraction. The

large peaks at 40 degrees in figures 3.7a and 3.8a were identified as zirconium nitride. The results

from figures 3.7 and 3.8 indicated that an off-focal distance of 8 mm produced similar amounts

of zirconium nitride to the off-focal distance of 4 mm at a translation speed of 90 mm/s.

A Philips XL30 environmental scanning electron microscope was used to characterize the

zirconium nitride trail, produced at an off-focal distance of 8 mm and a scan speed of 90 mm/s,

from figure 3.6d. An image of the trail at 50X magnification is shown in figure 3.9. This SEM

image shows the smooth surface of the nitride trail as well as some cracks and light-gray features

on the edges of the trails. A 250X magnification image, shown in figure 3.10, was then used to

identify the light-gray features on the edges of the trail. To further understand the nature of the

cracks, an image of a crack was taken at 2500X magnification in figure 3.11.
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(a) (b)

Figure 3.2: X-Ray diffraction analysis of trail 3.1a, showing a nitride film on hafnium and the
presence of oxide.

3.2 Effect of Laser Scan Speed on Nitride Films

After analyzing the effects of the off-focal distance of laser-sustained plasma on hafnium and

zirconium, different scan speeds were considered. An off-focal distance of 4 mm was chosen as

a constant while the scan speed of the laser varied. For the hafnium samples, scan speeds of

20, 30, 40, and 75 mm/s were considered. A scan speed of 90 mm/s was previously tested when

the off-focal distance was varied. An image of a scan from the 40 mm/s experiment is shown in

figure 3.12. The trail in figure 3.12 was a dark green color which indicated that the coating had

oxidized. The coatings produced at scan speeds of 30 mm/s and 50 mm/s also oxidized.

A cross section was taken from figure 3.1d, a trail produced at 90 mm/s scan speed at an

OFD of 8 mm, to determine how much of the hafnium plate was affected by the laser. The cross

section was cut and mounted in copper powder. After mounting the sample, the cross section

was polished and etched with a solution consisting of 2 mL Hf, 9 mL HNO3, and 9 mL H2O.

The cross section is shown in figure 3.13. The cross section revealed the convective flow lines of

the nitride trail. A comparison was made to figure 3.14, taken from Nassar et al. [1], to show

that similar flow lines also form during laser processing on titanium. The thickness of the trail

varies from the outer lobes to the center of the trail. A measurement of the thickness of the

outer lobe, produced at an off-focal distance of 8 mm and a scan speed of 90 mm/s, is shown in
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(a) (b)

Figure 3.3: X-Ray diffraction analysis of trail 3.1b, OFD=2 mm, showing a nitride film on
hafnium and more oxides.

figure 3.15 and a measurement of the thickness at the center of the same nitride trail is shown

in figure 3.16. For the zirconium samples, a similar approached was used. Scan speeds of 10,

20, 30, 40, 50 and 75 mm/s were investigated. A scan speed of 90 mm/s was previously tested

when off-focal distance was varied. Much like the hafnium coating, at 4 mm OFD and 40 mm/s,

the zirconium coating was a smooth green film. As a result, higher speeds and larger off-focal

distances were also explored.

The effect of a pre-struck laser-sustained plasma on a substrate during nitriding is not well

understood [11]. To study this further, two scans were made at the same speed and off-focal

distance. The results of these scans are shown in figure 3.17. Cross sections were taken from

figures 3.17a and 3.17b to determine how a pre-struck plasma affected the nitriding process. The

cross section was cut and mounted in copper powder. After mounting the sample, the cross

section was polished and etched with a solution consisting of 10 mL Hf, 45 mL HNO3, and 45

mL H2O. The cross sections are shown in figures 3.18 and 3.19. The thickness of the trails were

also measured. Figures 3.20 and 3.21 show the thickness of the outer lobe and center of the trail,

produced at an off-focal distance of 8 mm and a scan speed of 90 mm/s without a pre-struck laser

plasma without a pre-struck LSP, respectively. Figures 3.22 and 3.23 show the thickness of the

outer lobe and center of the trail, produced at an off-focal distance of 8 mm and a scan speed of

90 mm/s with a pre-struck LSP, respectively indicating that the use of a pre-struck LSP in laser

nitriding results in a thicker nitride trail. Data collected with a charge-coupled device (CCD)
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(a) (b)

Figure 3.4: X-Ray diffraction analysis of trail 3.1c, OFD=4 mm, showing a nitride film on
hafnium with minimal oxide.

revealed that at certain scan speeds and off-focal distances the plasma would be extinguished.

This process can be seen in figure 3.24. The CCD also revealed that at other scan speeds and

off-focal distances a laser-sustained plasma would form without being pre-struck. This process

can be seen in figure 3.25.

3.3 Reproducibility of results

The parameters which were varied throughout the research were the off-focal distance and the

translation speed of the substrate. The nitrogen gas flow and the laser power remained constant.

It is necessary to reproduce this process given an optimal nitride range. In figure 3.8 the XRD

data and consistency of the zirconium nitride film indicate that an off-focal distance of 8 mm and

a translation speed of 90 mm/s will produce a useful nitride coating. The power measurements

from that experiment showed that the laser was operating at 3.23 kW output power. The nitrogen

flow around the laser cutting head was 10 L/min. To test the reproducibly of this process at a

later date the laser was powered up to a power output of 3.25 kW and the nitrogen flow was

again flowing at 10 L/min. A zirconium plate was scanned under the pre-struck laser-sustained

plasma at an off-focal distance of 8 mm and a translation speed of 90 mm/s. The results indicated

that this process was reproducible and a side-by-side comparison of the two scans can be seen in

figure 3.26.
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(a) (b)

Figure 3.5: X-Ray diffraction analysis of trail 3.1d, OFD=8 mm, showing a nitride film on
hafnium and no oxide present.

(a) (b) (c) (d)

Figure 3.6: Varying off-focal distance on the Zr plate: (a) Laser focused on the surface of the
plate; (b) Laser focused 2 mm above the surface; (c) Laser focused 4 mm above the surface; (d)
Laser focused 8 mm above the surface of the plate. All scans were made at 90 mm/s.
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(a) (b)

Figure 3.7: X-Ray diffraction analysis of trail 3.6c, OFD=4 mm, showing a nitride film on
zirconium with minimal oxide present.
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(a) (b)

Figure 3.8: X-Ray diffraction analysis of trail 3.6d, OFD=8 mm, showing a nitride film on
zirconium with an oxide present.
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Figure 3.9: ESEM image of the zirconium nitride trail, produced at an off-focal distance of 8 mm
and a scan speed of 90 mm/s, at 50X magnification.
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Figure 3.10: ESEM image of the zirconium nitride trail, produced at an off-focal distance of 8
mm and a scan speed of 90 mm/s, at 250X magnification.
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Figure 3.11: ESEM image of the zirconium nitride trail, produced at an off-focal distance of 8
mm and a scan speed of 90 mm/s, at 2500X magnification.

Figure 3.12: A scan produced by a pre-struck laser-sustained plasma at an off-focal distance of
4 mm and a scan speed of 40 mm/s.
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Figure 3.13: A cross section of a hafnium nitride scan produced at an off-focal distance of 8 mm
and a scan speed of 90 mm/s.

Figure 3.14: Cross-sectional images of the samples nitrided at 8 mm off-focus and 90 mm/s: (a)
using a LSP; (b) without a LSP; and (c) using 1.9 kW output power, equal to the residual laser
beam passing though the LSP. Image taken from Nassar et al. [1].
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Figure 3.15: The thickness of the outer edge of the hafnium nitride trail, produced at an off-focal
distance of 8 mm and a scan speed of 90 mm/s, is around 250 microns.
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Figure 3.16: The thickness of the middle of the hafnium nitride trail, produced at an off-focal
distance of 8 mm and a scan speed of 90 mm/s, is around 50 microns.
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(a) (b)

Figure 3.17: The effects of nitriding with a pre-struck laser-sustained plasma compared to ni-
triding without a pre-struck plasma: (a) Laser focused 8 mm above surface of the plate with a
pre-struck laser-sustained plasma; (b) Laser focused 8 mm above the surface without a pre-struck
plasma. All scans were made at 90 mm/s.

Figure 3.18: A cross section of a zirconium nitride scan produced at an off-focal distance of 8
mm and a scan speed of 90 mm/s without a pre-struck laser plasma.
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Figure 3.19: A cross section of a zirconium nitride scan produced at an off-focal distance of 8
mm and a scan speed of 90 mm/s with pre-struck laser-sustained plasma.
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Figure 3.20: The thickness of the outer edge of the zirconium nitride trail, produced at an off-
focal distance of 8 mm and a scan speed of 90 mm/s without a pre-struck laser, plasma is around
165 microns.
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Figure 3.21: The thickness of the middle of the zirconium nitride trail, produced at an off-focal
distance of 8 mm and a scan speed of 90 mm/s without a pre-struck laser plasma, is around 50
microns.
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Figure 3.22: The thickness of the outer edge of the zirconium nitride trail, produced at an off-
focal distance of 8 mm and a scan speed of 90 mm/s with pre-struck laser-sustained plasma, is
around 180 microns.
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Figure 3.23: The thickness of the middle of the zirconium nitride trail, produced at an off-focal
distance of 8 mm and a scan speed of 90 mm/s with pre-struck laser-sustained plasma, is around
90 microns.
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(a) (b) (c)

Figure 3.24: CCD images of plasma extinguishing while scanning a zirconium plate at the focal
point of the laser: (a) the plasma touched the edge of the zirconium plate; (b) 0.005 seconds
later the plasma begins to extinguish; (c) 0.01 seconds after the plasma touched the edge of the
Zr plate it extinguished.
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(a) (b) (c)

Figure 3.25: CCD images of a stable plasma igniting while scanning a zirconium plate at the an
off-focal distance of 5mm and a translation speed of 90 mm/s: (a) the laser beam touched the
edge of the zirconium plate; (b) 0.005 seconds later the plasma begins to ignite; (c) 0.005 seconds
after the plasma ignited it appeared to be stable.

(a) (b)

Figure 3.26: Two scans performed on separate Zr plates on different days with the same input
parameters.



CHAPTER 4

DISCUSSION

4.1 Optimal Parameters for Nitride Film Production

When forming a nitride coating on a zirconium or hafnium substrate, some parameters yield

more desirable results than others. From the XRD results of hafnium nitride coatings and from

the observation of oxidized coatings a plot of scan speed versus off-focal distance was generated

to identify regions that yielded near-stoichiometric coatings, as shown in figure 4.1. The laser

scans which produced oxidized coatings or no coating at all are shown by red dots and listed as

“No nitride formation.” The coatings which were golden yellow or confirmed as nitride coatings

by XRD analyses are shown by dark blue dots and listed as “Nitride formed with plasma.” The

two data points listed as possible nitride coatings were both a light green/yellow color and could

not be classified without further analyses.

A more detailed parametric study was performed to determine the optimal range of zirconium

nitride formation. This range is outlined in figure 4.2. There was a noticeable boundary dividing

regions of zirconium nitride and zirconium oxide formation. As an oxidized nitride coating

is undesirable, nitriding in the blue region is required to produce low-oxide coatings. For the

parameters at which a zirconium nitride trail formed without a pre-struck laser-sustained plasma,

a stable laser plasma formed during nitride processing. The CCD was able to capture the process

of forming a stable plasma in figure 3.25. The use of a pre-struck laser-sustained plasma also

increased the regions in which nitriding is possible.
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Figure 4.1: A plot of scan speed versus OFD, showing regions of hafnium nitride and oxidized
coating formation.

4.2 The Role of a Laser-Sustained Plasma in Zirconium

Nitride and Hafnium Nitride Production

For titanium substrates, it is known that the use of a pre-struck laser-sustained plasma expands

the region in which nitriding is possible [1]. This research confirmed that this was also the case

for laser-sustained plasma nitriding of hafnium and zirconium.

4.3 Other Effects of the Laser Nitriding Process

Although laser nitriding offers a rapid method for producing nitride coatings, some undesirable

results were also noted. In figure 3.9 small cracks are visible near the edges of the nitride coating.

A closer look at the edge of the trail can be seen in figure 3.10. The hollow structures on the

edge of the nitride coating are believed to be partially decanted cellular dendrites [13]. Dendrites

form when there is a temperature and concentration gradient in a material [14]. In this case, a

concentration gradient between the molten zirconium and the highly energetic nitrogen plasma,

was the most likely cause of dendrite formation. The excited nitrogen atoms are readily reacting

with the molten zirconium and forming zirconium nitride. As as the zirconium reacts near the
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Figure 4.2: A plot of scan speed versus OFD, identifying regions of zirconium nitride and zirco-
nium oxide formation.

middle of the trail, molten zirconium from the edges must be pulled in to satisfy the reaction. A

closer look at a cellular dendrite can be seen in figure 3.11.



CHAPTER 5

CONCLUSIONS

Based on the experimental study of hafnium nitride and zirconium nitride formation using a

laser-sustained nitrogen plasma, it was demonstrated that hafnium nitride and zirconium nitride

coatings can be developed in open atmosphere. Regions of hafnium nitride and zirconium nitride

formation, respectively, were identified as a function of LSP scan speed and off-focal distance.

Opportunities for future work include microstructural characterization, and optimization of

the processing conditions for the development of defect-free, near-stoichiometric zirconium nitride

and hafnium nitride coatings.
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APPENDIX A

MATERIAL DATA
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Figure A.1: The material data sheet from Fine Metals Corp. detailing the purity of the samples
used in this research. Page 1 of 3
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Figure A.2: The material data sheet from Fine Metals Corp. detailing the purity of the samples
used in this research. Page 2 of 3
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Figure A.3: The material data sheet from Fine Metals Corp. detailing the purity of the samples
used in this research. Page 3 of 3



APPENDIX B

MATLAB CODE

clear;clc
load Hf_Data_XRD.dat
twotheta=Hf_Data_XRD(:,1);
Hf1_1=Hf_Data_XRD(:,2);
Hf1_2=Hf_Data_XRD(:,3);
Hf1_3=Hf_Data_XRD(:,4);
Hf1_4=Hf_Data_XRD(:,5);
load Hf_Data_Lines.dat;
load Hf_Data_HfN_Lines.dat;
load Hf_Data_HfN__0_4_Lines.dat;
load Hf_Data_HfO2_Lines.dat;
hold on
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
const1=max(Hf1_1)/max(Hf_Data_Lines(:,1));
const2=max(Hf1_1)/max(Hf_Data_HfN_Lines(:,1));
const3=max(Hf1_1)/max(Hf_Data_HfN__0_4_Lines(:,1));
const4=max(Hf1_1)/max(Hf_Data_HfO2_Lines(:,1));
plot(twotheta,sqrt(Hf1_1),'k','DisplayName','XRD Data')
stem(Hf_Data_Lines(:,2),sqrt(const1*Hf_Data_Lines(:,1)),'Marker','none','Color',
[1 0 0],'DisplayName','Hafnium Metal (Hf) Lines');
stem(Hf_Data_HfN_Lines(:,2),sqrt(const2*Hf_Data_HfN_Lines(:,1)),'Marker','none',
'LineStyle','-','Color',[0 1 0],'DisplayName','Hafnium Nitride (HfN) Lines');
stem(Hf_Data_HfN__0_4_Lines(:,2),sqrt(const3*Hf_Data_HfN__0_4_Lines(:,1)),
'Marker','none','LineStyle','-','Color',[0 1 1],'DisplayName','Hafnium Nitride 
(Hf0.4N) Lines');
stem(Hf_Data_HfO2_Lines(:,2),sqrt(const4*Hf_Data_HfO2_Lines(:,1)),'Marker','none
','LineStyle','-','Color',[0 0 1],'DisplayName','Hafnium Oxide (HfO2) Lines');
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
xlabel('Two-Theta (Degrees)')
ylabel('Sqrt (Intensity) (Counts)')
title('Hafnium 1-1')
axis([25,70,0,60])
legend('show')

Figure B.1: Matlab Code used to produce XRD lines.

41



42

clear;clc
%The following code generates a contour plot to determine the time range to average
 A=importdata('experiment2_hafnium.dat');
% contour(A,200)
% title('Contours of wavelength and intensity vs. Time')
% xlabel('Time [s]')
% ylabel('Contours of wavelenth and intensity')
% averave between 200 and 300
Wavelength=A(:,1);
Wavelength(1)=[]; %to delete info
Newdat=A(:,199:299);
Newdat(1,:)=[];
Meandat=mean(Newdat');
Final=[Wavelength Meandat'];
plot(Final(:,1),Final(:,2))
title('Intensity vs. Wavelength')
xlabel('Wavelength [nm]')
ylabel('Intensity [a. u.]')

%the next command saves the averaged data file to the correct file
%extension
save 06_23_11_N2_Hafnium_75mmps_4mmOFD_4msIT_ND0_6.dat Final -ASCII -tabs;

Published with MATLAB®  7.10

Figure B.2: Matlab Code used to produce averaged spectrum data.
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