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a b s t r a c t

The strength of aluminum alloys and composites processed through powder metallurgy can be improved
through the addition of nano-scale dispersoids introduced during the cryomilling process. Quantification
of Orowan strengthening from these dispersoids requires a reliable measurement of the impurity con-
centration. Secondary ion mass spectrometry (SIMS) was used to quantify the nitrogen impurity con-
centration using a 14N ion implanted standard. An analytical approach is devised to determine the ni-
trogen concentration of an aluminum alloy and composite based on SIMS measurements. Results are
compared to the measurements carried out by gas fusion analysis. An increase in nitrogen concentration
was observed with an increase in cryomilling time up to 72 h. The nitrogen concentration varied from
1.6470.17 at% (0.8070.08 wt%) to 19.1271.10 at% (13.1770.71 wt%) for the 8 h and 72 h cryomilled
nanocrystalline AA5083, respectively. Assuming that all nitrogen reacts to form dispersoids, the nitrogen
concentration determined was used to calculate the volume and weight fractions of dispersoids, which in
turn was used to estimate the strengthening contribution via Orowan strengthening. Orowan
strengthening was calculated using dispersoids of 3, 9 and 15 nm. The range of Orowan strengthening
contribution was estimated, in MPa, to be from 7.6970.78 to 3.0370.31 for the 8 h nanocrystalline
AA5083 sample, and 154.97710.29 to 61.0974.06 for the 72 h nanocrystalline AA5083 sample.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

The low density of aluminum has long made it an attractive
material in automotive and other applications especially where
improved fuel efficiency and a high strength-to-weight ratio are
desired. Recently, cryomilling in liquid nitrogen has been in-
vestigated as an additional processing step in powder metallurgy
to enhance the strength-to-weight ratio. For example, cryomilled
aluminum and boron carbide (B4C) metal matrix composites have
generated scientific and commercial interests after Ye et al. [1]
reported exceptional compressive strength (�1 GPa). Since then,
much work has focused on understanding the mechanisms that
contribute to the high strength.

Several mechanisms have been proposed to explain the excep-
tional strength of these composites including Hall-Petch strength-
ening, strain-hardening, solution hardening, reinforcement

strengthening and Orowan strengthening [1–6]. Among them, Or-
owan strengthening is of particular interest since the strength of the
composite may be improved without loss of ductility. The Orowan–
Ashby equation relates the increase in strength to the size and
fraction of the nanoscale dispersoids and is given by [7]:
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where G is the shear modulus, b is the Burgers vector, λ is the in-
terparticle spacing and d is the diameter of the dispersoids. The
shear modulus and Burgers vector for aluminum is 25.9 GPa and
0.286 nm, respectively [1]. The interparticle spacing, λ, may be de-
termined utilizing the volume fraction, f V , and the diameter, d, of
the dispersoids [7]:
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Orowan strengthening in these composites is believed to be
derived from the presence of nanoscale dispersoids formed during
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cryomilling. Dispersoids observed via transmission electron mi-
croscopy and proposed via modeling are θ-Al2O3, χ-Al2O3, Al4C3

(hexagonal, hR7), AlN (hexagonal, hP4 or cubic, cF8), and nitrogen-
rich amorphous regions [2,8–13]. Oxide dispersoids form by the
breakup of the native oxide on the aluminum powder [10,14]. The
carbides can form from mechanical alloying of the aluminum
powder and the carbon-rich process control agent [10]. Nitrides
form due to the interaction of the aluminum powder with the li-
quid nitrogen during milling.

According to the aluminum–nitrogen equilibrium phase dia-
gram, there is negligible solubility of nitrogen in aluminum [15],
therefore it is not unreasonable to assume that all of the nitrogen
incorporated is in the form of either a crystalline aluminum nitride
(AlN) or an amorphous domain rich in nitrogen. In previous stu-
dies it was found that nitrogen concentration increases with mil-
ling time up to 26 h [9,13]. If nitrogen resides in the aluminum
powders as several nanometer-sized dispersoids of crystalline
and/or amorphous phases, an increase in milling time would in-
crease the volume fraction of nanoscale dispersoids, and conse-
quently contribute to the Orowan strengthening. In this study, an
analytical approach was devised, utilizing secondary ion mass
spectrometry (SIMS), to determine the atomic and weight percent
of nitrogen in cryomilled aluminum with an assumption that ni-
trogen resides in AlN or an amorphous domain of equivalent
density. This approach was applied to determine nitrogen con-
centration from 8 to 72 h cryomilling time using data from pre-
vious work with the aluminum and boron carbide (B4C) compo-
sites [13] and current work utilizing 100% cryomilled nanocrys-
talline aluminum. The Orowan strengthening contribution was
then estimated as a function of cryomilling time.

2. Analytical approach

2.1. Secondary ion mass spectroscopy and the relative sensitivity
factor

Previously, impurity concentrations of oxygen, hydrogen, car-
bon and nitrogen were determined through either a gas fusion
(GF) or combustion-type techniques [9,16–18]. The disadvantage
of these techniques is that it is not possible to differentiate surface
contamination from the bulk impurity concentrations and the
sample is consumed during the process. An alternative method of
impurity concentration measurement is SIMS which can quantify
any element and perform separate analyses of both the surface
and the bulk via depth-profiling. In addition, SIMS quantification is
more statistically confident than GF chemical analysis.

SIMS measures the quantity of secondary ions produced during
sample erosion by the primary ion beam. These counts are de-
pendent on operating parameters such as current, type of primary
beam, and material [19]. A relative sensitivity factor (RSF) is cal-
culated in order to convert secondary ion intensity (counts s�1)
from SIMS to atomic density (atoms cm�3) utilizing an ion-im-
planted calibration sample with a known fluence. An RSF is de-
fined by [20]:
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where Ni is the impurity atomic density (atoms cm�3), Ii is the
impurity isotope secondary ion intensity (counts s�1), and Im is
the matrix isotope secondary ion intensity (counts s�1). An RSF
can be determined from an ion-implanted calibration sample
(assuming constant impurity background) utilizing the relation
[20]:
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where φ is the ion implant fluence (atoms cm�2), d is the im-
plantation depth (cm), ΣIi is sum of the impurity isotope sec-
ondary ion counts over the depth profile (counts cm s�1) and Ib is
background ion intensity of the impurity isotope (counts s�1).
Utilizing a SIMS depth profile of an ion implanted sample and Eq.
(4), the RSF may be determined. Once the RSF is known, Eq. (3)
may be applied to determine the nitrogen concentration in terms
of atomic density (number of atoms per unit of volume) for sam-
ples with a similar matrix.

In order to convert nitrogen atomic density into atomic and
weight percent, it is important to understand in which phase the
nitrogen resides. For the composites, it has been shown that B4C
and nitrogen do not interact during or after the cryomilling pro-
cess and that nitrogen is found in nitrogen-rich dispersoids within
the aluminum grain or in the aluminum grain boundaries [13]. In
order to simplify the derivation, it is assumed that all of the atoms
of nitrogen are in the crystal structure or in an amorphous struc-
ture of similar density. The atomic density of nitrogen, NN, was
measured using SIMS. In order to calculate the atomic percent of
nitrogen, it is necessary to calculate the atomic density of the
various phases present in the composite. The atomic density, Ni, of
element or compound i may be calculated by:
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where mρ is the density of element or compound i, NA is Avoga-
dro's number, and Mi is the atomic mass of element or compound
i. Alternatively, the atomic density may also be expressed in terms
of the number of atoms in its unit cell, ni, and the volume of the
unit cell, Vcell,i. Calculating the atomic densities of all phases pre-
sent will be necessary in order to calculate the atomic and weight
percent of nitrogen in the composite.

2.2. Determination of nitrogen concentrations

The atomic percent of nitrogen is simply the ratio of the ni-
trogen atomic density, NN, to the atomic density of the whole, NT,
multiplied by 100. NT may be calculated as the atomic density
multiplied by the volume fraction of each phase present. The
atomic densities of aluminum, B4C and AlN may be calculated from
Eq. (5) or found in tables such as in Burenkov et al. [21]. If, NAl is
the atomic density of aluminum, NB C4

is the atomic density of B4C,

fB C
V
4
, and fAlN

V , are the volume fractions of B4C and AlN in the
composite, respectively. The atomic percent of nitrogen is ex-
pressed as:
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A similar derivation may be performed to determine the weight
percent of nitrogen in the composite. To determine the weight
fraction of nitrogen, it is necessary to calculate the mass density of
nitrogen atoms, WN, in the volume, V. WN can be described as the
product of the nitrogen atomic density, NN, by the molecular
weight of nitrogen, MN, divided by Avogadro's number. The mass
density of the composite after cryomilling can be described as the
summation of the densities of each component, multiplied by their
respective volume fraction. If B C4

ρ , AlNρ , and Alρ are the densities of
the B4C, the AlN and the Al phases, respectively, the weight per-
cent of nitrogen may be found by dividing mass density of nitro-
gen atoms by the composite mass density:

C. Hofmeister et al. / Materials Science & Engineering A 648 (2015) 412–417 413



Download English Version:

https://daneshyari.com/en/article/1573934

Download Persian Version:

https://daneshyari.com/article/1573934

Daneshyari.com

https://daneshyari.com/en/article/1573934
https://daneshyari.com/article/1573934
https://daneshyari.com

