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1 Final summary
The project has been successful in achieving almost all the planned objectives as summarized below:

Technological aspects

- Data on long term field exposures of ZnMgAl coatings in various configurations (painted, unpainted
in open and confined situations, galvanic conditions) have been obtained as well as their behaviour
in accelerated corrosion tests commonly used by the automotive industry.

- The application properties of these novel coatings have been tested with regards to formability and
joining with spot welding and adhesive bonding techniques.

« The influence of phosphatation parameters on ZnMgAl coatings has been investigated in order to
assess their robustness to process variation.

- Guidelines for the application of advanced ZnMgAl coatings in the manufacturing of car have been
issued in a comprehensive way. These guidelines can also be used for other applications such as
building or infrastructure.

Scientific aspects

* The outcomes of the laboratory tests in particular on the influence of carbon dioxide have helped in a
better understanding of the mechanisms of atmospheric corrosion of ZnMgAIl materials.

e The delamination behavior of painted ZnMgAl coatings has been studied and compared to
conventional coating. A paint system without phosphatation has also been investigated.

1.1 WP 1 Project management

Management of the project was carried out by IC which ensured the communication with TGS5 by

reporting and attending meetings. No major problems that would have affected the project occurred.
Regular meetings of the consortium were organized in order to ensure smooth progression of the
project, to present and discuss data, to solve the problems etc. Modifications of the Grant Agreement
were also made as a consequence of change of legal structures at three beneficiaries.

1.2 WP2 Material selection, preparation and characterization

The objectives of WP 2 were to finalize the selection of material and provide them for the project, to
characterize the materials and to prepare them in various configurations upon WPs.

Line hot dip metallic coatings including three novel Zn-Mg-Al ‘ZMA’ compositions available at steel
suppliers involved in the project and four conventional zinc coatings (Gl, GE, Galfan and Galvannealed
steel) were supplied as planned. Novel ZMA included ZnMgl1%AI1% from TKSE, ZnMg2%AI2%
from voestalpine and ZnMgl.5%AI1.5% from Ruukki. In addition, five Rhesca coatings which
composition varied from 1 to 4% of Al and Mg were produced by Ruukki. All novel ZMA materials
were characterized as regards to the coating thickness, surface microstructure, composition and
distribution of elements (cross-section and GDOES profile). Evidence of Al-Mg rich phase was shown
on ZMA coatings at the interface with steel. Rather similar structure was observed on all ZMA coatings
with an obvious tendency to increase the binary and ternary eutectic structures compared to primary
zinc globules when increasing the content of Mg and Al in the coating.

Line hot dip materials were further prepared for being tested in situations for automotive applications:
cosmetic situation (e.g. painted), unpainted in open and hem-flange configurations and in galvanic state
with bolts. Formability and joining was obviously carried out on bare metallic coatings. The samples
were distributed to the different partners upon tasks distribution.

Two coating compositions (ZnMgl%Al1% and ZnMg4%AIl4%) produced by physical vapour
deposition (PVD) were initially planned at Limedion. However, despite many different trials at LMI
and at another place (JKU), no satisfying ternary PVD coatings could be produced within the time
schedule of the project. As the production of PVD coatings was only a minor task of the project, the
absence of such coating has not affected the achievement of the project tasks and objectives.



1.3 WP3 Surface oxides, pre-treatment optimization and mechanism of paint
delamination

The objectives of WP 3 were to assess the effect of surface oxide composition and structure on paint
adhesion and cathodic delamination in view of optimization of phosphataion or avoiding it, to study and
understand the corrosion mechanisms of bare and painted ZMA coatings in atmosphere, focusing on the
initial stages of corrosion.

The composition of the native oxide on the different line hot dip ZMA coatings as well as on the Rhesca
ZMA coatings was investigated by means of XPS and sputter depth profiling. SKP technique was used
to assess the surface potential. The results indicated that during the galvanizing process of the Zn-Mg-
Al metallic coatings, a segregation of the minor alloying elements e.g. Mg and Al takes place towards
the surface. The composition of the coatings” outer surface scale was rather different than the chemical
composition of the bath used. More interestingly, all Rhesca simulator samples showed more or less
similar surface compositions, which differed especially in the Zn concentration from the production line
coatings ZMA1 and ZMAZ2, which might be attributed to the history of the production process itself.

As regards to paint delamination, although an enrichment in alloying elements to the surface and
surface near region was observed, i.e. a significant coverage by high band gap oxides was present on
the surface, this was not sufficient to provide a significant improvement in the delamination behaviour
over standard materials such as GE or GIl. The reason for this is for one thing that potential inversion
between corrosion potential in the defect and at the intact interface that was found for Zn-Mg alloys
with higher Mg-contents, such as MgZdoes not occur, most likely because of too low levels of Mg.
Hence, the inherent delamination resistance that was observed on such high Mg-containing alloys as a
consequence of this potential inversion, was not available for the ZMAs investigated here. However,
one would expect that the presence of high band gap oxides should have a greater impact on
delamination rate. The reason for the relatively low impact was suggested to lie in the microstrucure of
the ZMA coatings: great Zn-rich phases are present in these materials that may serve as fast
delamination pathways, lowering the possible impact of the more insulating oxides on the higher
alloyed phases. Summarizing, the oxide layers on the investigated ZMAs do not provide a meaningful
protection against delamination and do not provide any advantages when it is planned to skip
phosphatation. The influence of phosphatation parameters (bath temperature, treatment time and free
acid) was additionally studied using a model and commercial solution. The results showed that ZMA
are suitable for phosphation processes in automotive industry with good robustness to process variation.

1.4 WP4 Long term corrosion properties

The objectives of WP 4 were to obtain reliable and full-scale data on the performance of ZMA hot dip
coated materials in a wide variety of reals conditions including mobile exposures.

The corrosion performance of line hot dip materials including conventional coatings (Gl, GE, GA and
Galfan) and new ZMA coatings (ZnMg1-2%AIl1-2%) after field exposures in three stationary sites and
two mobile situations on operating vehicle (Fiat proving ground and under a truck driving in
Switzerland) was studied regarding cosmetic corrosion and corrosion in hem-flanges and open
situations. From the results, the following conclusions may be drawn:

- No improvement of ZMA coatings in comparison to conventional ones was obserinted
cosmetic samplegcreep from the scribe line) after two years of exposure in atmospheric field sites
or under the trailer driving in Switzerland. The most important degradations were observed in the
marine site of Brest while the sites of Dortmund and Linz were significantly less aggressive as well
as the mobile exposure. The results should however be consolidated with longer exposure durations.

- The better performance of painted ZMA coatings after Fiat proving ground test (with about twice
less creep than conventional coatings) was typical of their behavior in accelerated corrosion tests
with important salt load. This is not surprising when examining the different phases of the proving
ground.

- A beneficial effect of Mg and Al alloying elements by a factor of 1.5 to 2 was however noticed when
consideringunpainted metallic coatingsin open configurationsexposed at stationary field sites.



This improvement factor was significantly better on mobile exposure: whereas a factor of about 6
was found after 1 year, it decreases to 2.5-3 after 2 years. Same improvement factor was also
observed after Fiat proving ground test with however significant deviation upon the position of the
samples to the road.

- More corrosion was globally observed in the selectenn-flange designsthan in open
configurations, whatever the metallic coating and exposure conditions. In such confined situations,
the improvement of ZMA coating compared to conventional zinc coatings was not obvious either
after field exposures or Fiat proving ground test. In some cases, significant scattering of the data
were also observed. However, ZMA1.5 and ZMA2 showed better performance after 2 years of
exposure under the truck.

- No major difference was observed upon Al and Mg content whatever the configuration and field
exposure conditions.

It is however recommended to consolidate the present results with data from longer exposure durations.

1.5 WAP5 Application properties

The objectives of WP 5 were to obtain evidence that ZMA coatings can be applied in mass automotive
production as regards to coating formability and joining tecnhnology.

The application properties of ZMA coating compositions ranging from 1 to 2% of alloying elements
were tested as regards to formability and joining with spot welding and adhesive bonding techniques.

Concerningormability of ZMA coatings, the following conclusions may be drawn:

- ZMA coatings were more prone to cracking compared to HDG coating. Cracking of ZMA coating
was observed in severe forming situation on cross die sample and on cup of 4.3 and 6.5 mm in
height in particular. The crack networks covered the whole coating and went through it down to the
steel substrate. A tendency to form larger cracks was observed on the thickest ZMA coating
(ZMA1.5). No influence of the content of alloying element (1 to 2%) was however noted.

- Despite the presence of cracks in ZMA coatings on formed samples, no increase of the corrosion
risk was observed in accelerated corrosion tests.

- Regarding friction coefficients, slightly lower values were measured on line hot dip ZMA than on
HDG coating presumably attributed to surface roughness.

As regards tgoining properties of ZMA coatings, the following observations were made:

- The addition of Mg and Al from 1 to 2 % in the coating gave rather comparable welding properties
as for conventional zinc coating when similar welding parameters were applied. The welding
properties appeared to be more sensitive to welding parameters and to coating/steel thickness than to
coating composition.

- Despite slightly lower mechanical properties of adhesive bonded joints on ZMA coating compared
to HDG one, acceptable results fulfilling FIAT requirements were however obtained.

Thus, ZMA coatings with alloying elements ranging from 1 and 2% showed similar application
properties than HDG coating both regarding formability, spot welding and adhesive bonding which
obviously constitutes crucial properties for manufacturing vehicles.

1.6 WP6 Cosmetic corrosion and protection in hem flange

The objectives of WP 6 were to evaluate the corrosion performance of ZMA coatings in several
accelerated corrosion tests currently used by car manufacturers considering cosmetic corrosion (painted
surface) and perforation corrosion (hem-flanges).

The corrosion resistance of line hot dip ZMA coatings was evaluated in accelerated corrosion tests
namely Volvo ACT STD423-0014, VDA 621-415 and New VDA test considering painted cosmetic



samples and unpainted coatings in open and hem flange configurations. The results were compared to
conventional zinc coatings (Gl, GE, GA and Galfan).

From the results, the behaviour of ZMA coating in accelerated corrosion automotive tests seemed to be
dependent on the testing conditions as well as the configuration of the samples e.g. cosmetic and hem-
flange. Thus, ZMA coatings provided significant improvement in comparison to conventional coatings

in tests involving significant salt loads such as VDA or neutral salt spray tests especially on cosmetic
and open samples.

On the contrary, the beneficial effect of ZMA coatings was inferior in tests with lower salt load (New
VDA and Volvo test), particularly when considering cosmetic corrosion on painted samples and
corrosion in confinement.

On the influence of Al and Mg content in the metallic coating of line hot dip coatings, no significant
differences were observed unless on bare material in open configuration where ZMA2 showed a
somewhat better improvement than ZMA1. This was validated when testing a larger range of Mg and
Al composition (e.g. from 1 to 4 wt%) as prepared using a galvanising simulator. The corrosion
resistance was clearly increasing with the increasing concentration of Magnesium and Aluminium in the
coating at least in open configuration.

1.7 WP7 Galvanic protection by Zn-Al-Mg coatings and effect of carbon dioxide

The objectives of WP 7 were to evaluate the effect of carbon dioxide on the corrosion performance of
ZMA coated steel and to assess the galvanic effect of ZMA coating in contact with steel and other
coatings for fasteners.

For the first time, theeffect of CO, on the atmospheric corrosion of line hot dip ZMA coatings was
investigated under carefully controlled conditions at ambient concentration ofa@@rox. 350 ppm)

and low CQ (<3 ppm) as a function of chloride concentration. Two temperatures 20 and 30°C were
also tested and two conventional zinc coatings Gl and Galfan were also included in the study as
reference materials.

From this investigation, the absence of @&arly enhanced the average corrosion of all zinc coatings
and the metal loss increased with the concentration of chloride and the temperature. Interestingly, ZMA
coatings were clearly more affected than conventional Gl coating. While Gl was approximately twice
more corroded in the absence of L@mpared to ambient concentration, ZMA was 12 times more
affected when exposed to low g@onditions, particularly at high concentration of chloride. An
obvious pH effect in the absence of Ofas underlined. The analysis of corrosion products by FTIR
and XRD indicated the presence of layered double hydroxide (LDH), ZnO and simonkolleite on ZMA2
in the absence of GQvhile hydroxycarbonate and simonkolleite were dominating in ambient air.

The galvanic protection of ZMA coating was compared to conventional zinc coating in assemblies
with fasteners of different nature (steel, stainless steel and different zinc coated steels) in order to
simulate on-vehicle situations. The results were depending on testing conditions e.g. field or laboratory
tests. Considering the strongest galvanic coupling obtained with steel fasteners where significant
corrosion occurred, rather comparable behaviour of ZMA and conventional Gl coating was observed
when considering field exposures both stationary and mobile exposure (truck) while in accelerated
corrosion test (such as New VDA), ZMA coating tend to be more protective than conventional Gl for
similar coating thickness. In all situations, GE showed the poorest protective ability. Same conclusions
were also observed when stainless steel fasteners were used with however much less corrosion extent of
the metallic coatings, while no or extremely low corrosion was developed with zinc coated fasteners.
The observed results were also confirmed by electrochemical investigations regarding the galvanic
current.

1.8 WP8 Modelling, life prediction and application guidelines

The objectives of WP 8 were to compile data from laboratory and field tests in guidelines for the
industry and to propose mechanisms of metal and paint degradation in order to formulate models
describing the corrosion mechanisms of ZMA coatings.



Simple guidelines for the industry have been written as regards to automotive process for
phosphatation, forming, spot welding and adhesive bonding. Concerning the corrosion performance of
ZMA, the variety of testing conditions including accelerated tests and exposures in real environments
(static and mobile situations) have allowed to draw useful corrosion guidelines which estimate the
corrosion behaviour of ZMA compared to conventional zinc coatings.

The possible mechanisms of corrosion protection ZMA coatings, based on the results obtained in WP3 -
WP7, were analysed and models for corrosion at initial and later stages proposed. The analysis was
divided in three subgroups: cathodic protection (delamination from scribe down to steel and cut edge

performance), metal loss of the zinc (alloy) coating and appearance of red rust.

For the delamination from scribes and at cut edges, the explanation for the superior performance of
ZMA coatings over Gl and Galfan at initial stages of corrosion and especially under very aggressive
corrosion conditions is suggested to be in line with a recently published work where the already
important effect of zinc cations on the exposed steel surface is enhanced by precipitation of MgO in
initial stages of the corrosion process. At these initial stages, the main effect of the zinc cations is the
replacement of active Fesites in the iron oxide prevailing at the high alkaline pH levels during
cathodic protection even at the low potentials of the corroding zinc. This replacement of the active
surface sites by zinc cations seems to be enhanced by the precipitation of MgO. This effect is already
present for low Mg contents in the ZMA coating, as clearly shown in accelerated corrosion testing. The
results of the accelerated tests also show that this is really an effect due to Mg and not Al. After longer
exposure times, when thicker corrosion product layers have formed on the surface and the
electrochemical activity is already significantly reduced, the synergetic effect of Mg becomes
unimportant. This is in accordance with long time exposure tests where the superior performance of
ZMA becomes significantly reduced.

The superior corrosion performance of the coating itself, evaluated as metal loss of the zinc (alloy)
coating is proposed to be mainly due to the effect of the alloying elements on the microstructure of the
coatings. This should have an effect on the formation of local cathodes and anodes: with decreasing
feature size of the microstructure, more anodes are expected to form as the Mg-containing intermetallics
are more reactive than the zinc phase. This provides by far a higher density of corrosion initiation sites
when compared to GE or Gl, where the corrosion phenomenon is more a “statistical effect”. Similar to
pitting corrosion, the statistical initiation sites on GE or Gl coatings are stabilised by the related pH
changes (less alkaline at the anodes, more alkaline at the cathodes). Hence, on Gl coating, large anodes
and cathodes are established while on ZMA coating, the size of anodes and cathodes is much smaller.
This will lead to less extreme alkalinity on the cathodes of ZMA coating. This buffering effect is even
more important when the corrosion activity is high (i.e. more alkaline pH). This is in accordance with
the observation that for ZMA the performance gain over Gl or GE increases with increasing
aggressiveness of the corrosion test. Possibly, for ZMA, this microstructure related buffering effect,
which is already effective at relatively low alloying degrees, is further enhanced by a buffering effect
through Mg cations, but most likely only at the initial stages of the corrosion process, as Mg is quickly
de-alloyed from the surface region.

At later stages of the corrosion such as after 1 to 2 years of field exposures, no Mg effect can be
discerned as Galfan always performs better than the ZMA samples. The main reason for this is that the
role of distribution of active sites at the metal surface becomes less important on less active surfaces,
i.e. when they are covered by thick layers.

In CO,-reduced atmospheres, such as e.g. in hem flange conditions, ZMA coatings, but also Galfan, can
perform inferior to GE and GI. This is attributed to the much more alkaline values in the absence of the
buffering effect of C@and the correlated breakdown of Al-rich phases.

Concerning the appearance of red rust on the coating itself, it is proposed that the cathodic protection
enhancement that is observed at the cut edge and at the scribe and the decreased metal loss of the alloy
coating are combined leading to a significant improvement under very aggressive conditions.



2 Saentific and technical description of the results

2.1 Objectives of the project
The aims of the project may be summarized as follows as regards to two major aspects:

Technological innovative aspects

- To study the long term corrosion properties of ZMA coating in field exposure

- To study the application properties of ZMA coatings, such as formability and joining

- To investigate the effect of phosphatation parameters in a view of possibly escape the
phosphatation process.

- To assess the performance of ZMA coating in hem-flanges (perforation corrosion) as well in
cosmetic configuration

- To issue guidelines for the application of advanced ZMA coatings in the manufacturing of cars

Scientific aspects

- To better understand the mechanisms of atmospheric corrosion of ZMA materials

- To understand the mechanisms of the cathodic delamination of painted ZMA and tailoring of
oxide properties

- To identify the role of alloying elements in corrosion mechanisms

2.2 Comparison of initially planned activities and work accomplished

The activities in the project are summarised in the bar chart planning shown below. The work has been
conducted in agreement with the initially planned activities whereas some delays in the achievement of
some tasks can be observed. This concerns tasks 4.1, 4.2, 5.1 and 5.2 in particular, but the objectives of
these tasks have been reached. It should be pointed out that problems were encountered by LMI in
producing adequate ternary PVD coatings in task 2.5. Whereas this task has been unsuccessful, the
project was not affected and valuable results were obtained.

WPs Work packages' title Year 1 Year 2 Year 3 Year 4 Status
Iy rjmfmpnvirfnpn vyl Il

WP1 [Project management
WP2 [Material preparation
T2.1 |Update planning — Finished (D1)
T2.2 |Line hot dip materials —— Finished (D2)
T2.3 |Galvanizing simulator Finished (D3)
T2.4 |Material characterization Finished (D4)
T2.5 |Model PVD materials Unsuccessful (D6)
WP3 [Oxides & pretreatment
T3.1 |Phosphatation optimiz. Finished (D7)
T3.2 [Properties of oxide films -
T3.3 Oxige and paint stability Finished (D11)
WP4 [Long -term corr . pr.
T4.1 |Testing at field stations Finished (D5,
T4.2 |On-vehicle testing D12)
WP5 |[Application properties
121 [omabiiy
WP6 |Acc. corrosion tests
T6.1 [Cosmetic corrosion -
T6.2 |Perforation corrosion Finished (D10)
WP7 [Specific aspects
T7.1 |Effect of carbon dioxide -
T7.2 |Galvanic protection Finished (D13)
WP8 [Modelling, guidelines
T8.1 |Mechanism & modelling Finished (D14)
T8.2 |Prediction & guidelines Finished (D15)
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2.3 Description of activities and discussion

2.3.1 WP 1 Project management

The objectives of work package WP1 were to maintain communications with the European
Commission, to ensure smooth progression of the project and to establish good communication
strategies and enable effective sharing of information, rapid auditing of project performance, and
solving of problems. Six joint project meetings were planned and realized. (see Table 1). Minutes were
provided as additional deliverables to the working group.

Table 1: list of meetings organised in Autocoat project

Meeting Nr Date Location
1 (Kickoff) 22/09/2009 Paris
2 26/01/2010 Linz
3 28/09/2010 Dortmund
4 8 &9/03/2011 Paris
5 12 & 13 /09 /2011 Helsinki
5 12 & 13/03/2012 Torino
6 12 & 13/11/2012 Brest

Moreover, the grant agreement was modified through the amendment n°1 which included the following:
-Addition of beneficiary Centro Ricerche FIAT in replacement of FIAT
-Transfer of rights and obligations: DOC to TKSE and Rautaruukki to Ruukki Metals.

2.3.2 WP2 Material selection, preparation and characterization

The objective of WP2 was to specify technical details and prepare detail work plan (D1), to finalize the
material selection and provide materials for the project (line hot dip materials, PVD and Rhesca
samples), to characterize the materials, and to prepare samples for WP3-WP7.

2321 Task 2.1: Technological framework update and detail work planning

The objective of this task was to prepare a detail work plan of the project including an update of the
state of the art as well as technical details and specifications resulting from cross consultations and kick
off meeting. This was summarised in the first deliverable D1.

2.3.2.2 Task 2.2: Preparation of line hot dip materials

The line hot dip ZnMgAI coated steel samples selected for the project are presented in Table 2 and the
reference zinc coated materials in Table 3, together with the suppliers of the different materials.

It should be pointed out that the thickness of steel panels from hot dip galvanising lines of the three
steel suppliers was unfortunately different and obviously difficult to solve due to availability of
materials of the different suppliers. Whereas steel thickness has no impact on cosmetic corrosion or in
hem-flange configurations, it is important for corrosion at cut-edges but also on forming if ZMA
coatings have to be compared to conventional zinc coating. Thus, for formability tests in task 5.1,
similar steel grade and thickness was used both with ZMA and conventional zinc (Gl) coating.

11



Table 2: list of line hot dip ZMA materials

Exp. Metallic
Label Material Steel (thickness) coating Supplier
thickness, um
ZMA1 ZnMg1%AI1% DX56D (0.9mm) ~7.5 TKSE
ZMA2 ZnMg2%AI2% DX54D (0.79mm) ~7.5 voestalpine
ZMAl15 ZnMgl.5%Al1.5% S280 (0.50mm) ~10 Ruukki
ZMA1.5F ZnMg1.5Al1.5% DX53D (0.6mm) ~10 Ruukki
ZMAL1.5F... for forming (T5.2)
Table 3: list of line zinc coated reference materials
Exp. Metallic
Label Material Steel (thickness) coating Supplier
thickness, um
GE Electrogalvanised steel DCO06 (0.75mm) um TKSE
Hot dip galvanised steel .
Gl (Zn0.2% Al) DX56 (0.75mm) 7um voestalpine
Galvannealed (zn12% Fe) DX56 (0.71mm) ~7 Wnthem flange) .
GA steel (Zn10% Fe) DX56 (0.77mm) ~7.5um voestalpine
GaLp  Galfan coated steel DX54D (0.8mm)  ~7um (ZA95)  Ruukki

(Zn5%Al)

The materia