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Abstract

Direct analysis of copper-base alloys using laser ablation techniques is an in-
creasingly common procedure in cultural heritage studies. However, main
discussions remain focused on the possibility of using non-matrix matched
external reference materials. To evaluate the occurrence of matrix effects dur-
ing in situ microanalysis of copper-base materials, using near infrared femto-
second laser ablation techniques (NIR fs-LA-ICP-MS), two bronzes, ie,
(Sn-Zn)-ternary and (Sn)-binary copper-matrix reference materials, as well as
a reference synthetic glass (NIST-SRM-610) have been analyzed. The results
have been compared to data obtained on a sulfide-matrix reference material.
Similar values in relative sensitivity averages of *Cu, ""*Sn and *Zn, as well as
in "®Sn/*Cu and *Zn/®Cu ratios were obtained, for all analyzed matrix types,
Le., copper-base-, silicate-, and sulfide-reference materials. Consequently, it is
possible to determinate major and minor element concentrations in copper
alloys, i.e., Cu, Sn and Zn, using silicate and sulfide reference materials as ex-
ternal calibrators, without any matrix effect and over a wide range of concen-
trations (from wt.% to ppm). Equally, Cu, Sn and Zn concentrations can be
precisely determined in sulfides using homogeneous alloys (reference) mate-
rials as an external calibrator. Thus, it is possible to determine Cu, Sn and Zn
in copper-base materials and their ore minerals, mostly sulfides, in a single
analytical session, without requiring specific external calibrators for each ma-
trix type. In contrast, immiscible elements in copper matrix, such as Pb and Fe
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show notable differences in their relative sensitivity values and ratios for dif-
ferent matrix-materials analyzed, implying that matrix-matched external cali-
brations remain to be applied for their trace quantification.

Keywords

Copper Alloys, Reference Material, Matrix Effect, /n-Situ Metal
Determinations, Near-Infrared Femtosecond Laser Ablation-Inductively
Coupled Plasma-Mass Spectrometry (NIR fs-LA-ICP-MS)

1. Introduction

In recent years, it has been highlighted the importance about application of laser
ablation based-analytical techniques to characterize metals-bearing materials. It
is specially the case for cultural heritage studies [1] [2], such as on bronze objects
[3] [4] [5] [6] [7], due to the quasi non-destructive sampling and the ability to
acquire multi-elemental data for major, minor and trace element concentrations
with excellent detection limits.

The main impediment to develop laser ablation-inductively coupled plas-
ma-mass spectrometry (LA-ICP-MS) applications on solid copper-base (bronze)
alloys has been due to a lack of well-characterized, homogeneous, and ma-
trix-matched reference materials [5] [6], which have been developed more spe-
cifically for micro-analytical purposes on whole-sample analyses [6]. In cultural
heritage, the use of femtosecond (fs-)LA-ICP-MS technique has not been a com-
mon practice; as an example there is a recent study, which was conducted on an-
cient Chinese manufactured gold materials [8]. It is proposed that fs-LA-ICP-MS
technique is suitable to measure in situ element concentrations at least as accu-
rate and precise as classical in whole-sample ICP-MS methods [8]. Femtosecond
(fs) laser ablation-based techniques are considered less prone to have ma-
trix-related problems than nanosecond (ns) techniques [9]-[14]. Thus is because
the fs-laser technique has a mechanical rather than a thermal influence on the
ablated matrix [15] [16] [17] [18].

In a previous study [19], it was showed the possibility of quantifying major
and trace element concentrations in natural materials, Ze., sulfide minerals, us-
ing a synthetic silicate glass (NIST-SRM-600) as an external calibrator, without
any matrix effect, between sulfide and silicate matrices, over a wide range of
concentrations (from wt.% to ppm), when a NIR femtosecond laser ablation
coupled with ICP-MS is used. Even more, it was also proposed the possibility to
determine precisely Au and Cu concentrations in silicate materials using homo-
geneous sulfide (reference) materials as an external calibrator [19]. These results
point towards a new mode of analyzing both metal-bearing materials and its
corresponding ore-minerals, in a single analytical session.

The possibility to apply non-matrix matched calibration for quantification of

trace element concentrations (at 10° to 10° ppm level) in Fe-base (stainless steel)
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samples has been also showed [20], using both ultraviolet (UV-) ns-LA-ICP-MS
and (UV-) fs-LA-ICP-MS.

Additionally, the (UV-) ns-LA-ICP-MS technique has been applied on en-
trapped slag inclusions in Roman iron bars [21] [22], discovered in Mediterra-
nean wrecks, to track the ancient trade routes with great success. Nevertheless, it
is required to cut a piece of these iron cultural heritage material to search and
analyze the inclusions. Using of (UV-) fs-LA-ICP-MS technique, this weakness
in the sample preparation might be avoided due to the possibility to measure in
situ element concentrations directly on iron metal.

In contrast, some studies [23] have showed that it is not possible to quantify
Cu isotope ratios in sulfides by NIR fs-LA-MC-ICP-MS analyses, using a metal
NIST-SRM-976 as an external calibrator. Instead, the authors used in-house
made matrix-matched calibrators.

In order to evaluate the possibility of quantifying major, minor and trace ele-
ment concentrations in copper-base alloys using non-matrix matched reference
materials, during near infrared femtosecond laser ablation techniques (NIR
fs-LA-ICP-MS), we performed detailed analyses of two copper-based alloys
(Cu-Sn-Zn-ternary and Cu-Sn-binary alloys) and a synthetic glass reference
material (NIST-SRM-610). Additionally, our results will be compared with those
obtained previously [19] on a natural (made-in-house) chalcopyrite reference
material (Cpy-RM), calibrated with a synthetic glass (NIST-SRM-610) applying
the same laser ablation system and analytical conditions than for this study [19].
Finally, we discuss the possibility of using no-matrix matched reference mate-
rials, Ze., copper-base, sulfide- and silicate-matrices, as external calibrators; to
precisely determinate the concentrations of the major, minor, and trace elements

(i.e, Cu, Sn, Zn, Fe and Pb) in bronze alloys.

2. Materials and Micro-Analytical Technique

To carry out this study the following materials were analyzed: 1) a ternary
bronze alloy (named B3Z9P) with Cu, Zn and Sn as major elements, and Pb, Fe,
P (550 ppm), Ni (1500 ppm) as trace elements; 2) a binary tin bronze alloy
(named B6P) with Cu and Sn as major elements, Zn as a minor element, and Pb,
Fe, P (880 ppm), Ni (50 ppm) as trace elements; and 3) the NIST-SRM-610 ref-
erence material [24]. Cu, Sn, Zn, Fe and Pb weight concentrations are given in
Table 1 for both bronze alloys (B6P and B3Z9P) reference materials, as well as
for NIST-SRM-610 and the previously analyzed natural chalcopyrite (Cpy-RM,
[19]) reference material. The elemental composition of B6P (CEN CW452K or
UNS C51900) and B3Z9P (CEN CW454K or UNS C42500) alloys was deter-
mined by ICP-OES (Perkin Elmer Optima 5300 DV) for the main elements (=1
wt.%), and by ICP-MS (Perkin Elmer Elan 9000) for minor and trace elements
(<1wt.%). Compositional heterogeneity, expressed as standard deviations, for all
the measured elements in alloys was lower than the instrumental error of 5%

(Table 1). The copper-base materials are homogeneous single-phase alloys. They
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Table 1. Reference material composition.

B3Z9P BoP
NIST-SRM-610 [24 Cpy-RM [19
[this study] [this study] [24] Py (1]
C 89.2 + 4.5wt.% 93.9 = 4.7wt.% 430.3 +23.6 ppm 34.97 £0.12wt.%
u
(RSD = 5%) (RSD = 5%) (RSD =5.5%) (RSD = 0.3%)
2.5+ 0.1wt.% 5.9 £ 0.3wt.% 396.3+17.8
Sn WL WL PP Not analyzed
(RSD =4%) (RSD =5%) (RSD = 4.5%)
8.02 + 0.4wt.% 0.2 £0.01 wt.% 456.3 £19.2
Zn ’ ’ ppm Not analyzed
(RSD =5%) (RSD =5%) (RSD =4.2%)
fe 300 % 15 ppm 98 + 4.9 ppm 457.1£222ppm  30.27 + 0.17wt.% (RSD
(RSD = 5%) (RSD = 5%) (RSD = 4.9%) =0.6%)
39+2 60 +3.0 4133+ 154
Pb ppm PPM ppm Not analyzed
(RSD = 5%) (RSD = 5%) (RSD =3.7%)

correspond to the fcc a(Cu) solid solution, in which the Sn and Zn alloying ele-
ments can be considered randomly distributed at the copper crystal lattice points
[25].

Ablation intensity spectra have been obtained using a NIR fs laser ablation-
inductively coupled plasma-quadrupole mass spectrometry at the Géosciences
Environnement Toulouse (GET) laboratory in Toulouse, France. During analys-
es, the following isotopes were monitored: *’Fe, Cu, *Zn, '"*Sn and ***Pb.

At GET laboratory, the ablated material is carried out in a flow of a mixed he-
lium (He) and argon (Ar) gases in the transporting tube connected to a quadru-
pole ICP-MS (Agilent 7500ce; Agilent Technologies, Santa Clara, CA, United
States). A Ti:sapphire laser (Pulsar 10; Amplitude Technologies, Evry, France)
was used operating at 800 nm and providing 55 fs pulses with a maximum out-
put of 12 mJ pulse™ [19] [26] [27] [28]. During analyses, the laser Gaussian
beam was focused using a x1.75 microscope objective with an energy of 1 mJ
pulse™, yielding ablation pits of ca. 100 um diameter. Tuning was optimized for
minimal molecular oxide species (typically **Th'°O/**Th = 1.1%) and doubly
charged ion species (typically "“Ce™/'**Ce* < 2%) production [19]. Analyses
lasted 90 s integrating a gas blank measured during the first 30 s and followed by
60 s of sample analysis. The same conditions were applied to analyze the
made-in house Cpy-RM and the NIST-SRM-610 reference materials [19].

3. Results

Time-resolved fs LA-ICP-QMS spectra for monitored isotopes, Ze., *’Fe, ©Cu,
%Zn, ""*Sn and **Pb, in B3Z9P and B6P alloy reference materials are showed in
Figure 1. Intensity (in counts per seconds) and sensitivity (relative to the bulk
reference concentrations in ppm) average values, measured for *’Fe, Cu, *Zn,
"8Sn and *®Pb, in all analyzed reference materials are presented in Table 2.
Copper is the main containing element in the studied alloy materials. Results
(Table 2) show that calculated ®*Cu sensitivity average values are similar to each
other: 19 + 0.1; 17 + 1.4; and 17.6 + 0.4, for all analyzed materials, i.e., the bi-
nary-(B6P) and ternary-(B3Z9P) bronzes and NIST-SRM-610, respectively. For
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Table 2. Intensity (in counts per seconds) and sensitivity (relative to the bulk reference concentrations in ppm) average values for
alloys (B3Z9P, and B6P), sulfide (Cpy-RM), and silicate glass (NIST-SRM-610 in both analytical sessions) reference materials. NC,

not calculated.

Reference
material

57Fe
$Cu
55Zn

1lssn

B3Z9P [this study]

261 +11
15,717,971 + 319,406
785,289 + 31,516

497,993 + 15,947

B6P
[this study]

80 £ 12

15,514,774 + 1,351,712

15,408 + 2230

1,029,682 + 88,635

NIST
[this study]

495+5
8185 + 45
4757 £ 74

8180 + 49

Cpy-RM [19]

1,165,769 + 226,022
261,971 * 3,634,596
NC
NC

NIST [19]

1330 + 144
28,356 + 3563
NC

28,389 + 864

Intensity (cps)

208pp 1129 + 42 3160 + 86 18,477 £ 101 NC 60,541 + 4953

“Fe 0.87 £ 0.04 0.8+0.1 1.1 £0.002 4+1 29+0.3

$Cu 17.6 £ 0.4 17+ 04 19+0.1 75+ 10 66 + 8

%Zn 9.8+0.4 9.5+1.3 10.4+£0.2 NC NC

1188n 19.8 £ 0.6 21+0.1 NC 72+2

Sensitivity
(cps per ppm)

208pp, 289+1.1 45+0.2 NC 146 £ 12

counts
1E+8

B3Z9P

1E+7

1E+6

1E+5

1E+4
1E+3

1E+2

1E+1

1E+8
1E+7
1E+6

1E+5
1E+4

1E+3
1E+2

1E+1

50 60 70 80 90
seconds

(b)

10 20 30 40

Figure 1. Typical NIR femtosecond LA-ICP-MS output from
microanalysis of (a) B3Z9P and (b) B6P alloy reference mate-
rials.

the previous session [19], ®Cu sensitivity average values reported were 66 * 8,
and 75 + 10, for NIST-2012 and Cpy-RM, respectively, which also are in the

DOI: 10.4236/ajac.2018.93013 154 American Journal of Analytical Chemistry


https://doi.org/10.4236/ajac.2018.93013

G. Velasquez et al.

same order of magnitude.

Zinc can be considered as a main element in B3Z9P, a minor element in B6P
and a trace element in NIST-SRM-610. Results (Table 2) show that *Zn sensi-
tivity average values for all analyzed materials are very similar to each other: 9.8
* 0.4 for B3Z9P, 9.5 * 1.3 for B6P and 10.4 * 0.2 for NIST. Thus, Zn element
displays regularity in values regardless of the analyzed matrix type. This similar-
ity in values is also spread over a wide range of element concentrations (from
wt.% to ppm).

In the other hand, Fe and Pb trace elements for all analyzed materials, display
average sensitivity values very scattered among themselves (Table 2).

To evaluate the relationship between the major, minor and trace analyzed
elements, the values for "*Sn/*Cu (Figure 2(a)), *Zn/®Cu (Figure 2(b)),
*’Fe/*Cu (Figure 3(a)), and **Pb/*Cu (Figure 3(b)) average sensitivity ratios,
calculated for each analyzed reference material, are plotted versus the bulk con-
centration ratios.

Figure 2(a) shows the same average values of ''*Sn/*Cu sensitivity ratio for
NIST-SRM-610, measured in both sessions: 1.1 * 0.1 (this study) and 1.1 + 0.01
[19]. Likewise, both a-bronze alloys display very close "*Sn/®Cu average sensi-
tivity ratio values: 1.1 £ 0.1 and 1.1 £ 0.03, for binary (B6P) and ternary
bronzes(B3Z9P) respectively. In a same way, Figure 2(b) displays very similar
%Zn/*Cu average sensitivity ratios for all analyzed reference materials: 0.55 +
0.02 for B3Z9P, 0.57 + 0.10 for B6P and 0.55 £ 0.09 for NIST-SRM-610. Equality

—_
—_— .
[\S TN N
~

iy &

Sn/Cu bulk concentration ratio
(@)

1A o

118Sn/63Cu sensitivity ratio

O e
[N O =)

e 2
Y

2

i

=

Z 04

§ 0.3 Zn/Cu bulk concentration ratio

5 0.2

g [ BeP 1 NIST

g A B379P O NIST [19]

S0 02 04 06 08 1 12
(b)

Figure 2. (a) Sn/Cu average sensitivity ratios vs. Sn/Cu bulk concentration ratio for alloys
(B6P and B3Z9P) and NIST-SRM-610 reference materials. For comparison, also shown
are the values obtained previously [19] for NIST-SRM-610; (b) Zn/Cu average sensitivity
ratios vs. Zn/Cu bulk concentration ratio for alloys (B6P and B3Z9P) and NIST-SRM-610
reference materials.
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observed in values is regardless of the type of analyzed matrix. Interestingly,
these results do not show variations even though Zn is a major element in
B3Z9P-, a minor element in B6P-, and a trace element in NIST-SRM-610-refe-
rence materials.

In Figure 3(a), “Fe/®Cu average sensitivity ratios expose some differences:
0.057 = 0.004 (NIST-SRM-610—this study), 0.044 + 0.003 (NIST-SRM-610,
[19]), 0.049 + 0.001 (B3Z9P), 0.048 + 0.006 (B6P) and 0.051 + 0.004 (Cpy-RM,
[19]). According to these results, there are slight variations in Fe-sensitivity ra-
tios related to different analyzed matrix types, ie., copper-base, sulfide- and sili-
cate-matrices.

In the same direction, calculated ***Pb/®Cu average sensitivity ratios are well dis-
persed (Figure 3(b)), when they are plotted as a function of the Pb/Cu bulk con-
centration ratios, displaying the following values: 2.3 = 0.0 (NIST-SRM-610—this
study), 2.2 + 0.3 (NIST-SRM-610, [19]), 2.9 + 0.2 (B6P), and 1.6 + 0.1 (B3Z9P).

4. Discussion

Our results show that ®Cu sensitivity values (cps per ppm) are similar to each
other for all analyzed reference materials regardless of the matrix types, ie.,
copper-base, sulfide- and silicate glass-matrix reference materials. Additionally,

calculated '**Sn/*Cu and *Zn/®Cu average sensitivity ratios (Figure 2) are also

.20.07
s
20.06 [:I:'
2007\ O,
50.04
8 0.03
) :
.;L’- 0.02 Fe/Cu bulk concentration ratio
0.01
; (a)
< O
w25
2
s A
% 1.5 Pb/Cu bulk concentration ratio
21
Re OO BsP aNST  OCoy-RM
"E A B3Z9P O NIST [19]

208

0 02 04 0.6 0.8 1 1.2
(b)

Figure 3. (a) Fe/Cu average sensitivity ratios vs. Fe/Cu bulk concentration ratio for alloys
(B6P and B3Z9P) and silicate glass (NIST-SRM-610) reference materials. For comparison,
also shown are the values obtained for both sulfide (Cpy-RM, [19]) and silicate glass
(NIST-SRM-610, [19]) reference materials; (b) Pb/Cu average sensitivity ratios vs. Pb/Cu
bulk concentration ratio for alloys (B6P and B3Z9P) and silicate glass (NIST-SRM-610)
reference materials. For comparison, also shown are the values for silicate glass
(NIST-SRM-610, [19]).
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very similar for the different types of matrix analyzed in this study. The similar-
ity of these values is particularly remarkable, considering that Cu and Sn cor-
respond to main elements in concentration (wt.%) for bronze alloys (B6P and
B3Z9P) and sulfide natural material (Cpy-RM), while they correspond to trace
elements in concentration (ppm) for the synthetic silicate glass reference materi-
al. In a same way, Zn is a major element (wt.%) in B3Z9P and it is a minor ele-
ment (concentered in ppm levels) in B6P. The similarity obtained for Cu, Sn and
Zn sensitivity average ratios can be explained considering that the two analyzed
bronzes (B3Z9P and B6P) are substitutional (Cu) solid solution phase, in which
the alloying elements (Sn and/or Zn) are randomly distributed in the fcc (Cu)
lattice [25].

These results mean that it is possible to quantify precisely major (Cu, Sn and
Zn in B3Z9P) and minor (Zn in B6P) element concentrations in copper-matrix
alloy materials, using silicate glass and/or sulfides minerals, as external reference
calibrators. Interestingly, it is also possible to determine precisely Cu, Sn and Zn
concentrations in natural sulfides using silicate and/or alloys (reference) mate-
rials as an external calibrator. Such quantification method can be very useful if a
chemical correlation between bronze materials and their ore minerals is tracked,
via quantification of an ore-pathfinder element in both alloys and Cu-Sn-Zn-
bearing minerals, mostly sulfides, in a single analytical session.

These results provide new insights for in situ analysis of cultural heritage ma-
terials and copper-base nanomaterials, which have diverse and heterogeneous
matrix types, e.g., sulfides, oxides, silicates and metal phases, often co-existing in
a large concentration range [29] [30]. The possibility to measure: 1) low concen-
tration level will avoid destructive sampling, such as inclusions analysis of iron
artefacts [22], and 2) wide concentrations ranges will permit heterogeneous
copper-base materials to be investigated more efficiently.

As regards the investigation of precious artefacts concerning provenance stu-
dies [22], no isotopic data are easily available in practice, but the coupling of
(UV-) fs-LA with MC-ICP-MS techniques will offer a new opportunity to meas-
ure high resolution isotopic ratios on cultural heritage materials from museums.

In contrast, ***Pb/*Cu and, to a lesser extent, *’Fe/**Cu average sensitivity ra-
tios, do not show similar results, when non-matrix matched materials are com-
pared (Figure 3). In the case of Pb, the results can be attributed to its immisci-
bility in the Cu-alloys matrix, triggering a Pb heterogeneous distribution, caused
by Pb-phase segregation in a(Cu) solid solution matrix, forming almost pure Pb
nano-inclusions into alloys [6] [25] [31]. For iron, different micro-precipitates in
the copper matrix can be formed, such as iron oxide inclusions or Fe,P precipi-
tates in phosphorus bronze alloys [25]. Since iron is immiscible in copper solid
solution for temperature lower than 700°C [32], the different sensitivity ratios
can be assigned to different chemical configurations such as possible oxide or
phosphide iron.

The observed variations in the lead and, in a lower degree, in iron sensitivity
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ratios suggest that NIR fs-LA-ICP-MS alloy analysis have partial matrix effects.
It follows that to carry out in situ analysis of Pb and Fe trace elements in cop-

per-base alloys, it is recommended to use a matrix matching reference material.

5. Conclusions

This study shows that, using NIR fs-LA-ICP-MS, non-matrix-matched reference
materials can be applied including copper-base, silicate- and sulfide-matrix types
as external calibrator. This allows to precisely determine major and minor ele-
ment concentrations, Ze., Cu, Sn and Zn in metallic copper alloys—without any
effect of matrix, over a wide range of concentrations (from wt.% to ppm). Thus
reciprocally, it appears possible to determine precisely Cu, Sn and Zn in natural
sulfides using homogeneous alloys (reference) materials as an external calibra-
tor. Our results bring forward a simplified and quicker analytical approach to
quantify metal element concentrations on alloys as well as on their correspond-
ing metal-bearing ore minerals, for concentrations ranging from wt.% to ppm,
without requiring specific external calibrators for each matrix materials. These
new calibration possibilities related to the use of the (UV-) fs-LA-ICP-MS tech-
nique offer promising new developments in cultural heritage studies.

In contrast, matrix-matched external calibrations should be applied for quan-
tifying trace elements, e.g., Pb and Fe, in copper-alloys, using NIR fs-LA-ICP-
MS. Such capacity of partial stoichiometric probe (only for major and minor

elements) using NIR fs-LA-ICP-MS can be called as partial matrix effect.
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