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Motivation

• Heat exchangers

• Multi port extruded (MPE) profile

• Wall thickness less than 1 mm

• Possible challenge in practice: pitting corrosion in Cl-

environment

• Main market today: automotive industry, dominated by 
aluminium

• HVAC&R: growing market for aluminium use, dominated 
by copper.

– Additional protection from pitting corrosion is needed 

http://www.sapagroup.com/en/precision-tubing/hvacr/products/multi-port-extrusion/
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Motivation

Zn coating on Al
 Addition of Zn lowers Al potential

 Zn coating => heat treatment => 
creation of Zn–rich layer

Zn-rich layer is expected to serve as a 
sacrificial coating and reduce pitting on Al 
substrate

ASM Metal Handbook, Volume 13B - Corrosion: Materials. 2003



Objective

Objective: surface characterization of Zn rich layers on Al 

alloy

• EDS: poor resolution and analytical sensitivity, time-

consuming

• GD-OES: nm depth resolution, good analytical sensitivity

– Requires calibration.
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Sample preparation

Samples: 3XXX Al MPE tubes. Composition:

Zn coating: Zinc thermal arc spraying (ZAS) of ≈8±0.5 g/m2 (measured by 
X-ray fluorescence (XRF) spectrometer)

Surface modification: 

Heat treatment at various durations and temperatures for diffusion of 
Zn and forming the Zn-rich surface layer:

350-430 °C

1-5 hours
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GD-OES Calibration of Al-Zn system. AlZn binary alloys

AlZn7 AlZn25

AlZn70 AlZn95

AlZn50
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GD-OES Calibration of Al-Zn system. Standards



GD-OES calibration of Al-Zn system

R. Payling. In R. Payling, D. G. Jones, and A. Bengtson, editors, Glow discharge optical emission

spectrometry, pages 267–68. New York: J. Wiley, Chichester, 1997.

• 396.152 nm Al spectral line has high self-
absorbance

• Al and Zn have large difference in 
sputtering rates

• This introduces errors in calibration for 
alloying elements through sputtering rate 
measurements

Spectral lines

AlZn alloys sputtering rates



GD-OES calibration. Sputtering rates of the standards

AlZn alloys sputtering rates

Error: 3-7%



Results. Calibration for Zn

Two Zn calibration curves: for Zn coatings (with Zn concentration up to 100 
wt%) and Zn rich layers (Zn concentration below 50 wt%)

Detection limit: 𝐷𝐿 = 3 2𝑆𝐷 = 0.12 𝑤𝑡%
SD is the standard deviation of replicated measurements of Zn signal in the Zn-

free standard



Results. Calibration for Fe and Mg

Fe Mg

285.213 nm Mg spectral line is a resonance line with high self-absorption
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Results. Alloying elements in the base alloy 

𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 =
𝐶𝑜𝑛𝑡𝑒𝑛𝑡(𝑆𝑝𝑎𝑟𝑘 𝑂𝐸𝑆) – 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (𝐺𝐷 − 𝑂𝐸𝑆)

𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (𝐺𝐷 − 𝑂𝐸𝑆)
× 100%

• The deviations for Mn and Fe are quite small
• Mg calibration curve is non-linear, the calibration curve is intended 

for concentrations up to 3 wt%.
• Si spectral line has low sensitivity [1]

[1] R. Payling, D. G. Jones, and S. A. Gower. Quantitative-analysis with dc-glow and rf-glow discharge spectrometry. Surface and 
In-terface Analysis, 20(12):959–966, 1993. 

Compare results for Al 3XXX alloy with composition measured by Spark 
OES with accuracy of 2%

Element Content (wt%) 

Spark OES

Content (wt%)

GD-OES

Deviation relative to 

spark OES

Mn 0.72 0.687±0.018 4

Fe 0.21 0.198±0.012 6

Si 0.09 0.072±0.006 20

Mg 0.019 0.016±0.002 13
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Results. GD-OES profiles: Base alloy, no Zn 

coating

Contamination 

from extrusion die?

Fe and Cr
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Results. ZAS samples: 

Zn concentration profiles

• Zn concentration does not exhibit 
100 wt% for as sprayed coating

• High Zn concentration on the 
surface after heat treatment 

=> Original as sprayed coating is non-
uniform
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Results. ZAS samples: 

Zn concentration profiles

Heat 

treatment

Zn-rich layer 

thickness (μm)

Zn coating 

weight (g/m2)

No heat 

treatment
7.5

350 °C 

2 hours
33.5 8.7

390 °C 

1 hour
34.3 8.9

390 °C 

2 hours
42 8.7

390 °C 

3 hours
52.6 9.3

390 °C 

5 hours
58.6 8.3

430 °C 

4 hours
80.9 8.4

 Average Zn weight is 8.7 
g/m2 for HT samples.

The layer thickness was estimated by assuming
the depth at which Zn concentration dropped to 0.3 wt%
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Results. Mg and Fe concentration 

profiles

• Fe and Mg are enriched at the surface 
• They have lowest concentration level at 5-6 μm depth which corresponds 

approximately to Zn coating thickness
• Mg and Fe become depleted deep into the Zn-rich layer
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SEM of ZAS heat treated samples

No heat treatment 350 ⁰C 2 hours

• Non-uniform Zn concentration
• Diffusion of Zn along grain boundaries
• Zn-rich layer thickness agrees with GD-OES values
• Nevertheless can be modelled by use of Fick’s law and an effective 

diffusion coefficient

430 ⁰C 4 hours

No heat treatment 350 ⁰C 2 hours 430 ⁰C 4 hours

Plan view

Cross
section



19

Modelling of Zn diffusion into Al substrate

• Solution to 2nd Fick’s law

• Describe initial Zn coating as a layer with concentration

𝐶0 = 100 𝑤𝑡% with depth of  ℎ = 3 𝜇𝑚

(based on GD-OES results)

The experimental data (GD-OES 
profile) was fit by least square fit, by 
changing the diffusion coefficient D
and maximizing 𝑅2 (coefficient of
determination)

In this case: 𝐷 = 1.57 ∙ 10−14 𝑚2/𝑠, 
𝑅2 = 1
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Modelling of Zn diffusion into Al substrate

Heat 

treatment

390 1 hour 1.57E-14

390 2 hours 1.46E-14

390 3 hours 1.37E-14

390 5 hours 1.29E-14

350 2 hours 4.70E-15

430 4 hours 3.90E-14

Diffusion coefficient: 𝐷 = 𝐷0exp(−𝐸𝑎/𝑘𝑇)

ln 𝐷 = ln 𝐷0 − (𝐸𝑎/𝑘𝑇) = 𝑏 − 𝑎𝑥

Plot ln 𝐷 = 𝑓(1/𝑇)

𝐷0 = 0.055 ( 𝑐𝑚2/𝑠)

𝐸𝑎 = 96.2 (𝑘𝐽/𝑚𝑜𝑙)

This allows simulation of Zn profiles
for any heat treatment conditions 

Fitted

Measured
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Conclusions

 The sputtering rates of the major components in the AlZn system differ 
widely with concentration. This does not seem to be a drawback in GD-
OES calibration by using a few standards covering the full concentration 
range.

 Calibration of secondary alloying elements in such alloys is also possible 
and the accuracy depends on the nature of the spectral lines and the 
errors introduced by measurements of the sputtering rate of the 
standards. 

 The GD-OES results based on Zn profiles agree well with the Zn content of 
samples and standards obtained independently by other methods (XRF 
and SEM) 

 Despite the nonideal nature of the surface in terms of roughness and 
lateral variations in the initial Zn concentration, effective diffusion 
coefficient of Zn in Al was obtained by fitting the GD-OES depth profiles to 
the solution of Fick's second law at different temperatures. This allows 
prediction of Zn profiles expected for initial values of Zn load followed by 
application of different heat treatment temperatures.
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