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Due to application of lead-free materials in soldering technology, the degradation of industrial tools is accel-
erated. However, this can be circumvented with boriding. Two types of boride phases are usually formed (FeB
and Fe,B), causing internal stress due to the different crystal structures. Our aim with B ion implantations is to
avoid this weakness and create a single-phase iron boride layer. The ion implantation was performed at different
doses (6.9-10'7-1-10'8 ions/cm?) of boron ions and with bombarding energies of 25 keV and 100 keV. The depth
distribution of implanted boron was investigated by Secondary Neutral Mass Spectrometry (SNMS) depth profile

analyses, Scanning Electron Microscopy (SEM) measurements, and by Elastic Recoil Detection Analysis (ERDA).
The purpose of these measurements was to obtain information about the boron distribution produced by high-
dose implantation. Our experimental analyses show that the boron distribution is more of a Pearson IV type

than a Gaussian type.

1. Introduction

A common engineering challenge is to enhance the mechanical sta-
bility of surfaces while minimally altering the properties of the deeper
underlying material, for example, hardening the surface while not
changing the plasticity of the bulk material. Therefore, techniques were
created focusing on the near-surface layers. Some of these methods,
often called annealing, solely modify the crystal structure, whereas
others introduce additional material, resulting in structural changes
(referred to as surface alloying) [1].

Surface alloys can improve the mechanical properties of steels
exposed to high temperatures [2-5]. A typical industrial application is in
soldering technology: high temperatures required for proper solder
handling can degrade nozzles of soldering tools, softening or even
sealing them, rendering them useless. Studies have shown that the
application of boron for surface modification can significantly extend
the lifespan of nozzles, but the effectiveness depends greatly on the
composition of the produced boride layers [6-11]. Two chemically
distinct alloys are usually formed on the surface, FeB and FeyB, which

are capable of achieving the desired technological effect [12-17].
However, they usually appear together, and their crystal structures are
incompatible with each other. FeB features an orthorhombic crystal
structure, whereas Fe,B is tetragonal. When both are found in a sample
surface, mechanical stress is induced at the interface between the two
layers resulting in surface instability and peeling. This issue can be
solved by forming only Fe;B, which is compatible with the crystal
structure of steel. The traditional method of surface boriding is the
thermochemical surface treatment: boron atoms diffuse into iron by
thermal excitation [18]. This procedure results in a boron-rich layer
near the surface, making the presence of FeB inevitable and creating the
desired composition mainly in the subsurface region of the material.

It is known for decades that amorphous phase is formed in crystalline
metal substrates due to implantation [19-21]. Wilson et al. [22] sug-
gested that Pearson IV distribution represents the depth profile of
implanted ions for high-dose implantations, when the peak of ion dis-
tribution is broader and less sharp than a Gaussian curve.

The purpose of this work is to clarify the dose-dependent evolution of
the emerging distribution of the boron ions in a bulk, high purity iron
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Fig. 1. SRIM simulation, LISE++ calculations and SNMS data of 100 keV B"
ions range in iron target.

18000 -
] o 1.0el8 ion/cm?
16000 o 8.5el7 ion/em?
1 o 6.9¢l7 ion/em’
14000 + Pearson IV
/CE |
A 12000 1 A
@) T o
~ 10000 °
> ] p
x= o
E 8000 - ©
1 oo
2 6000-
= { %00
o
4000 1 0©
10 O
2000, o°
1
0 T T T T =
0 100 200 300 400 500 600

Depth (nm)

Fig. 2. SNMS depth profiles of iron implanted with 100 keV B™ at doses of
6.9-10'7, 8.5-10'7 and 1.0-10'® ions/cm? doses.

matrix.

2. Experimental details

For our experiments, 1 mm thick iron (GoodFellow FE000410/35)
samples were prepared by cutting them into 1 cm? pieces. The pieces
were mounted on an aluminum cylinder with polyvinyl acetate (PVA)
for grinding each of them to the same plane. Then they were embedded
in vinyl and polished to 11 nm average surface roughness with diamond
suspension. In this way the thickness of the samples decreased to be-
tween 600 pm and 800 pm. The iron samples were implanted with boron
ions while keeping them below 60 °C by water cooling to limit thermal
diffusion during sample preparation. The implantations were performed
with ion energies of 25 keV and 100 keV and doses of 6.9-10'7 to 1-10'8
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ions/cm? using the implanter at Uppsala University [23]. These energies
were chosen after SRIM (Stopping and Range of Ions in Matter) [24]
simulations and LISE++ (Ligne d’Ions Super Epluchés, Super Peeled Ion
Line) [25] calculations. We chose these two energies because with 25
keV the distribution of the stopped ions will be on the surface and with
100 keV it will start near the surface. With the increasing dose we
assumed that the shape of the distribution would change and move to-
ward the surface.

Both LISE++ and SRIM simulations provided us prediction of the
range and the straggling of the ion penetration. Using these values, we
could create an expected distribution of the boron ions as a function of
the implantation dose. The range (mode of the distribution) predicted by
SRIM in the target for the 100 keV boron ions was 144 nm, while the
straggling was 50 nm (see Fig. 1). LISE calculated 234 nm for the range
and 8 nm for the straggling. Our preliminary implantations on higher
energies showed that the straggling given by SRIM was closer to the
experiment while LISE predicted the range more accurately.

After implantation the boron depth distribution was studied by
Secondary Neutral Mass Spectrometry (SNMS, type INA-X, SPECS
GmbH) by using low-energy Ar" ions (E = 350 eV) in direct bombard-
ment mode. Neutral particles sputtered by the Ar" ions were analyzed by
a quadruple mass spectrometer (Balzers QMA 410) after post-ionization.
The sputtered area was defined by circle shape Ta mask with 3 mm inner
diameter. The lateral homogeneity of the ion bombardment and the
depths of the sputtered craters were checked by a profilometer (Ambios
XP-1). The boron depth distribution was also analyzed by Time-of-Flight
Elastic Recoil Detection Analysis method (ToF-ERDA) employing 36
MeV I8+ primary ions using a 5 MV Pelletron tandem accelerator. Details
of the set-up and evaluation procedure are found elsewhere [26].
Scanning Electron Microscopy (SEM) was performed with a JEOL
JSM-IT500HR microscope using both secondary electron detector (SED)
and backscattered electron detector (BED) at 15 kV accelerating voltage.

3. Results and discussion

Fig. 2 shows the boron distributions in iron samples implanted by
100 keV kinetic energy with 6.9-10'7, 8.5.10'7 and 1.0-10'® jons/cm?
doses. The resulting craters were used to calibrate the depth axis after
the SNMS measurements using a profilometer, with an uncertainty of
approximately 18 nm. As it can be seen, a shoulder begins to appear in
the boron distribution near the surface as the implanted dose is
increased. The origin of this phenomenon is that in case of high-dose
implantation bombarding B ions not only interact with iron atoms,
but as the irradiation time increases, more and more boron is implanted
interstitially, causing a gradual increase in stopping power, and the
Bragg peak is shifted towards the surface. The intensity of the shoulder
increases with the implanted dose, while the median of the respective
distributions shifts towards the surface. Due to the asymmetry of the
distribution, the SNMS data could not be properly fitted with a Gaussian
curve. A Pearson IV distribution resulted in good fits below the
appearing shoulder. The boron distribution between the surface and the
shoulder remains approximately Gaussian.

Fig. 3 shows the ToF-ERDA and SNMS results of a 25 keV, 6.9-10%7
ions/cm? dose sample. The ToF-ERDA measurement shows a concen-
tration depth profile that is in good agreement with the SNMS results.
This agreement supports our conclusion that the decrease in the iron
signal in the SNMS profiles is indeed due to lower iron concentrations in
the implanted layer (also see Fig. 5a) and not the result of different
sputtering or post-ionization properties. The boron ions implanted in
high doses oversaturate the existing crystal structure, destroying the
order and creating a disordered iron boride amorphous phase. The
specific volume of this phase is greater than that of the packed structure,
resulting in an apparent stretching of the material. This decrease in
density is a result of the addition of lighter particles, the material be-
comes more packed with time. These investigations showed that the ions
penetrated much deeper (the stopping range is approximately 125 nm
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Fig. 3. Part a) ToF-ERDA and b) SNMS results of 25 keV B i

for 25 keV and 250-300 nm for 100 keV) and had a wider spread
(FWHM >185 nm for 25 keV, >230 nm for 100 keV) than in the SRIM
simulations.

Fig. 4 shows SEM images of the cross-section of an iron sample
implanted with 25 keV B™ ions. Due to the narrow iron boride layer in
the sample, grinding and polishing was done at ~5° angle, rather than at
the usual 90° angle, with the aim of better visualization of the iron
boride structure in the microscope. Due to the 5° tilt angle, the 200 nm
wide iron boride layer should appear to be about 2 pm wide. Since iron
boride is much harder than high-purity iron and resin, it was ground
more slowly, which apparently widened it to about 13.3 pm (with 0.8
pm uncertainty). We also investigated a non-implanted sample, where
only the resin and the iron were visible. On the irradiated sample,
however, the three distinct areas corresponding to resin, iron boride and
iron were clearly separated. Due to the atomic number dependence of
the sensitivity of the electron microscope, the resin (containing mostly
H, O, C) appears in the image as a darker area while the iron boride and
the iron appear as lighter grey areas. The boride layer also appears as a
physical protrusion detectable by profilometer (shown in Part c),
proving that its hardness has increased.

Due to implantation the iron matrix expands and becomes disor-
dered, therefore the depth distribution of the iron atoms is not homo-
geneous. The inhomogeneity of iron atoms inside the implanted layer
can be characterized by boron/iron vs. boron phase diagram obtained
from SNMS measurements. Fig. 5a shows this phase diagram on a log-log
scale for the sample implanted with 25 keV B* ions. The curve shows
hysteresis-like behavior which can be caused by the increase in the
boron concentration near the surface with a ‘negative’ Pearson (in the
sense that the function is multiplied by minus one) iron distribution. The
arising asymmetric distributions can still be evoked by the heat distri-
bution along the depth during the deceleration of B" ions, and by an
asymmetric matrix relaxation to the momentary peak of boron. Due to
the depth distribution of the energy loss (Bragg curve), the local tem-
perature is higher on the side of the distribution near to the surface.

Experimental data near the surface of the sample start at the boron/
iron ratio of 0.3. The maximum of the ratio B/Fe can be found in a
deeper layer of the sample. This part is called the increasing section.
Moving further inside the sample, the B/Fe value decreases. This
decreasing section can be divided into two parts. The first one appears to
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ons implanted iron sample with 6.9-10'7 ions/cm? dose.

be linear; the second one varies as a polynomial. The highest value of the
linear part indicates the location of the phase boundary between crys-
talline iron (original structure of the sample) and amorphous iron/iron-
boride systems. On the SNMS diagram, this point corresponds to the
point of the range where the iron signal reaches its maximum value
(Fig. 5a). In order to test the expected behavior of the B/Fe ratio for
different scenarios, we simulated the boron and iron distributions with
calculated Pearson IV functions (which have a statistic, v/n uncertainty)
for the following cases. The results and the way the boron/iron hyster-
esis curve changes depending on the relative position of the curves are
shown on Fig. 5b—e. If the two distributions mirror each other (i.e. their
extrema points are at the same depth), the boron/iron diagram appear as
a single line (Fig. 5b) and the hysteresis disappears. If the two distri-
butions are off-center compared to each other (Fig. 5c), or asymmetric
distributions are centrally located compared to each other (Fig. 5d), the
hysteresis character appears. In reality, both effects are present at the
same time (Fig. 5e). Asymmetry can also refer to amorphization and
bond rearrangement. As a consequence, the off-center character of the
two distributions is the result of the iron matrix elongation in the sam-
ple. The curve can be fitted with a linear function at the end of the
decreasing section of the boron distribution. This fit is possible because
the B ions did not stretch the iron matrix in the deeper part of the
samples and a major part of the crystal structure remained intact locally.

If we investigate the widening and offset of the B/Fe — B curve in the
phase space, we can see that the appearance of the hysteresis character is
strongly influenced by the offset. On the other hand, the broadening of
the Fe distribution retains the character of running together with less
hysteresis but depends on the two branches belonging to the distribu-
tions. We showed with our experiments and simulations, that the B/Fe —
B curve can be used to categorize the behaviors/changes of the
implanted material and its matrix as a result of implantation. In our
present case, the results show that the B and Fe distribution are not only
asymmetric but also off-center. The reason for this behavior is the
amorphization and bond rearrangement of the matrix.

4. Conclusions

In this study we determined the range distribution of implanted B*
ions in high purity iron at high doses, which follows a Pearson IV type
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Fig. 4. Cross-section of an iron sample implanted with 25 keV boron ions. SEM images a) SED mode and b) BED mode. Part c) shows the result of the profilometer
measurement.

distribution rather than a normal distribution. Furthermore, the distri- the implantation proceeds, leading to a marked difference compared to
bution became wider and could be described by a more complicated low-dose implantation. The minimum of the iron distribution and the
function depending on the dose and energy. The SNMS measurements maximum of the depth distribution of boron atoms are not at the same
show that the boron ions penetrate deeper into the material than pre- depth (offset) and the amount of broadening of the distributions is

dicted by SRIM simulations and LISE++ calculations. The cause of these different.
changes is that the increasing amount of stopped ions alters the matrix as
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