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Abstract
Electroplated zinc-alloy coatings have been used on fasteners in the automotive industry for many
years. The coating often consists of three layers: a zinc-alloy layer, a passivation layer and a sealer or
top-coat. The coating layers affect the functional properties of the fastener (mainly the corrosion
resistance, friction coefficient and electrical conductivity), and the aim of this thesis has been to
increase the understanding of how these functional properties are affected by the properties of the
coating.
The corrosion resistance, friction coefficient and electrical conductivity of several different fasteners
have been tested. Variations in these properties are connected with morphological and chemical
properties of the electro-deposited zinc-alloy coating, passivation layer and sealer/top-coat of the
fasteners. Measurement methods include scanning electron microscope and energy dispersive x-ray
spectroscopy (SEM-EDX), light optical microscope (LOM), x-ray fluorescence (XRF), glow discharge
optical emission spectroscopy (GD-OES), broad ion beam (BIB) and Fourier transform infrared
spectroscopy (FTIR).
From the results it can be concluded that the surface structure of zinc-nickel layers differs significantly
from supplier to supplier. Screws with a thicker and rougher zinc-nickel surface structure displays
higher friction values, but lower electrical resistance values. Optimisation of both of these properties
is thus challenging. The distribution and surface structure of the outmost top-coat layer also differs
between suppliers, but no connection between this and the functional properties of the screw has
been found. The corners of the screw heads are often lacking a proper zinc-alloy coating, and this is
also where corrosion is initiated. In general, the zinc-nickel alloy coating systems are performing better
and display less corrosion spreading effects than the zinc-iron or pure zinc systems in terms of
corrosion.
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Sammanfattning
Elektropläterade zinklegeringsbeläggningar har använts på fästelement inom bilindustrin under
många år. Beläggningen består ofta av tre skikt: ett zinklegeringsskikt, ett passiveringsskikt och en
”top-coat”, eller ”sealer”. Beläggningsskikten påverkar fästelementens funktionella egenskaper
(främst korrosionsbeständighet, friktionskoefficient och elektrisk ledningsförmåga) och syftet med
denna avhandling har varit att öka förståelsen för hur dessa funktionella egenskaper påverkas av
ytbeläggningens egenskaper.
Korrosionsmotståndet, friktionskoefficienten och den elektriska ledningsförmågan hos flera olika
fästelement har mätts. Variationer i dessa egenskaper kopplas till de morfologiska och kemiska
egenskaperna hos den elektropläterade zinklegeringsskiktet, passiveringsskiktet och top-coat-skiktet
hos fästelementen. Mätmetoder inkluderar svepelektronmikroskop och röntgenspektroskopi (SEMEDX), ljusoptiskt mikroskop (LOM), röntgenfluorescens (XRF), optisk strålningsspektroskopi (GD-OES),
bred jonstråle (BIB) och Fourier-transformerad infraröd spektroskopi (FTIR).
Av resultaten kan man dra slutsatsen att ytstrukturen hos zink-nickelskiktet skiljer sig avsevärt från
leverantör till leverantör. Skruvar med tjockare och hårdare zink-nickelytstruktur visar högre
friktionsvärden, men lägre elektriska resistansvärden. Optimering av båda dessa egenskaper är
således utmanande. Distributionen och ytstrukturen hos det yttersta top-coat-skiktet skiljer sig också
mellan leverantörer, men ingen samband mellan detta och skruvens funktionella egenskaper har
hittats. Skruvhuvudets hörn saknar ofta en lämplig zinklegeringsbeläggning, och det är också där
korrosion initieras. I allmänhet fungerar zink-nickellegeringsbeläggningssystemen bättre och visar
mindre spridningseffekter i termer av korrosion än zinkjärn eller rena zinksystem.
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1 Introduction
Today, electroplated zinc alloy coatings are commonly used on fasteners in the automotive industry.
The coatings provide corrosion resistance to the steel of the screw by acting as a sacrificial anode, but
it also affects the friction coefficient of the fastener. The frictional properties of the screw are
important to control in order to get correct clamping force during assembly. Beyond this, the screws
and bolts that uses electroplated zinc-alloy coatings are used in places that requires electrical
grounding, with means that the coating also need to be electrically conductive. It is sometimes a
challenge to achieve good results for all of these properties at the same time, and an increased
understanding of these coatings is desirable.
There are many varieties of electroplated zinc alloy coatings used today, some being based on zincnickel, others zinc-iron, and some even pure zinc. Commonly, the metallic base layer is covered by a
second layer called a “passivation layer” that contains chromium, and a third layer called “sealer “or
“top-coat” that is often organic, containing waxes and inhibitors. The passivation layer has for many
years been based on hexavalent chromium ions (Cr(VI)). However, an EU directive has been released
that bans all usage of Cr(VI) in coating processes because of health concerns. This has initiated large
phase-out projects for many automotive manufactures, Scania included, that aims to replace the Cr(VI)
in the passivation with something else, usually trivalent chromium (Cr(III)). An increased understanding
of what factors of the coating affect the functional properties of the screw is therefore desirable from
Scania’s point of view.

1.1 aims and objectives
The aim of this study is to increase the understanding about how the properties of the zinc-alloy
surface coating influence corrosion, friction and electrical conductivity of the full coating system on
fasteners used by Scania.
The objective is to investigate the morphological, structural and chemical properties of the Zn-alloy
coatings commonly used on fasteners in the automotive industry, and if possible, connect these
properties to the corrosion, friction and conductivity of the fastener.
This will be done by comparatively measuring the functional properties of screws with different surface
coatings, from different suppliers and of different dimensions. Structural and chemical investigations
that will be conducted on the zinc-alloy coatings are: surface microstructure and general appearance
of the coating system using scanning electron microscopy (SEM), broad ion beam polishing and SEM
(BIB-SEM) and Fourier transform infrared spectroscopy (FTIR), chemical composition using energy
dispersive x-ray spectroscopy (EDX), x-ray fluorescence (XRF), glow discharge optical emission
spectroscopy (GD-OES) and FTIR, surface coating thickness using light optical microscopy (LOM) and
XRF, and surface roughness tests using a contact (stylus) instrument. The results will then be analysed
and correlations with the functional properties will be investigated. The test methods will be
documented and evaluated for future reference of the experts at Scania.

1.2 Terminology
The outmost layer of the coating system is an organic layer that is called sealer or top-coat. Which term
is used differs from supplier to supplier and does not seem to have a consistent rule. For simplicity, the
term top-coat will be used to refer to the layer throughout the report.
A threaded fastener can be called screw or bolt. Generally, the distinction is based on whether the
assembled parts are held in place by a bolt through an unthreaded hole with a nut on the other end,
1

or by a screw that is used directly in the mating threaded or unthreaded component [1]. At Scania, the
fasteners can be used in both ways depending on assembly part. In this report, the term screw will be
used in all cases.
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2 Literature study
Electrodeposited zinc and zinc-alloy coatings have been used for corrosion protection over many
decades, both on fasteners and otherwise. The published literature on the subject is extensive, but so
are the different types of coating systems. The system used on Scania’s fasteners today consists of
three sub-layers, that all have different functions and exist in different variations. Articles and books
on the general properties of the layer types has been reviewed, in combination with more specific
information on the particular layers used by Scania in the form of internal educational material and
mail correspondence with suppliers and experts.

2.1 Details of the layers
The zinc alloy coatings used on fasteners by
Scania are composed of three, or in some cases 1-2.5 µm
Sealer/Top coat
four, different layers. The thickest layer is the
<1 µm
Chromium passivation layer
Zn-alloy base layer, and it is usually between 5 15 µm. The middle layer is very thin, usually less
than one µm, and consists mainly of chromium.
Zn-alloy
5-15 µm
The topmost layer is between normally 1 and
µm
2.5 µm, and acts as a final sealing protection
layer. It also affects the friction coefficient of
the screw and can be either organic, inorganic,
Steel substrate
or a mixture. Some suppliers use additional
post-dips after the top-coat, that supplement
the outmost layer in different ways (for
Figure 1 - Schematic illustration of the three sublayers of the surface
example for friction control). The total thickness coating
of the full coating system is around 7-18 µm.
Each layer has specific functions that supplement each other and together they form a functional
surface coating that possess all the properties required for the application. [2] [3] Figure 1 shows an
illustration of the coating layers.

2.1.1 Zn-alloy layer
The bottommost layer consists of zinc or a zinc-based alloy, e.g. Zn-Ni or Zn-Fe. It is the thickest of the
three layers (5-15 µm) and provides cathodic protection to the base metal by acting as a sacrificial
anode to the steel [4].
The zinc-alloy layer is applied through a series of steps. Prior to the electrolytic treatment, the steel
must be cleaned and pickled to remove dirt and oxides. This is done through a series of baths of varying
content, including pickling in acids and electrolytic cleaning. Exactly what steps are included in the
cleaning depends on the amounts of dirt on the part and what material the part consists of [2].
Once cleaned, the component is placed in a rotatable drum or hanged on a rack. The drum is a faster
and cheaper alternative, but the rack gives a higher quality coating with lower risk for damages in the
coating. The whole bundle is then submerged into a zinc salt solution and connected as a cathode to a
power source. A pure zinc anode is connected to the same current source, which provides a constant
flow of zinc into the electrolyte. Once a current is applied, zinc from the electrolyte is deposited onto
the steel surface, while the anodic zinc dissolves into the electrolyte. The electrolyte can be either
acidic, alkaline or neutral [5]. There are pros and cons with all of them. For example, alkaline baths
yield a more uniform coating and can reach higher nickel contents, while acidic baths are faster,
meaning the risk for hydrogen embrittlement is a bit smaller [2] [6]. The screws in this study are plated
in an alkaline solution in a rotating drum.
3

The zinc will compete with hydrogen during the application process, as hydrogen ions in the bath also
want to deposit on the cathode surface, and form hydrogen gas [2] [6]. This means there is always a
risk for hydrogen embrittlement during electroplating, and care should be taken when plating high
strength steels with this method. Some processes include a heat-treatment step after the
electrodeposition to drive out the hydrogen from the system.
The pure zinc coatings are the most basic coatings and are easily applied uniformly along the whole
component. Adding iron gives a zinc-iron alloy layer that increases corrosion resistance, 5 to 10 times
longer time to white rust. The zinc-iron alloy layer contains from 0.7% up to 12% iron, depending on
type. Zinc-iron alloy coatings with Cr(VI) passivation layers was previously used by Scania but has in
later years been replaced with zinc-nickel coatings with Cr(III) passivation, and non-electrolytic zincflake coatings. [2]
For Zn-Ni alloy coatings, the electrolyte also contains Ni, often in the form of nickel chloride. The nickel
content in the coating can be controlled by varying the composition of the electrolyte and conditions
such as current density and deposition potential. [6]
The zinc-nickel alloy coating contains 10-15% nickel, and is one of the most commonly used coatings
on fasteners in Scania vehicles today. This alloy provides a better corrosion protection than the zinc
iron [2] [7] [8] [9] [10], and it is also more heat resistant. It can operate in temperatures of up to 300
°C without lowering the corrosion protection abilities [2]. Some sources also claim it has a lower risk
for hydrogen embrittlement than other electrodeposited zinc-alloys [2]. However, the matter is under
debate as other sources claim the hydrogen risks being trapped in the interface of the zinc-nickel and
the steel, thereby instead increasing the risk for hydrogen embrittlement [11].
The zinc-nickel has a higher electrochemical potential than other Zn-alloys and is therefore better
suited for pairing with for example aluminium, seeing as the risk for galvanic corrosion is lower. Even
though the potential is higher, the cathodic protection of the steel remains, but it is slower than for
zinc or zinc-iron. Seeing as nickel is quite an expensive metal compared to iron, this type of coating is
generally more expensive [2].
When a part coated in zinc-nickel starts to corrode, the zinc in the alloy will act as a sacrificial anode.
This will deplete the zinc from the area closest to where the corrosion is happening. This process can
give rise to internal stresses, resulting in cracks in the surface layer. Corrosion is in turn accelerated in
the cracks due to a decrease in pH caused by cathodic reduction of oxygen (crevice corrosion), and the
cracks are filled with corrosion products. This gives the coating a composite like structure, with a
mixture of Ni-enriched alloy and corrosion products [8] [12] [13]. It is also theorized that the additional
surface area that is created during cracking promotes the cathodic protection of the steel by providing
fresh surfaces for the sacrificial process, making the cracks useful elements in fighting corrosion [14].
There is also a cross-sectional composition difference in zinc-nickel coatings. Many sources state that
the content of nickel increases closer to the steel interface. Kwon et.al [12] investigated coatings with
a lower Ni-content than normal, 4-11 wt%, and found using Auger electron spectroscopy (AES), that
the nickel concentration is higher close to the interface of the steel and the coating. However, the
concentration difference grew smaller towards higher Ni concentrations, and for 10% there was only
a small increase of Ni towards the interface. Also, the coating in that study was applied using acid
electrodeposition, as opposed to alkaline zinc-nickel that is commonly used in the automotive industry.
El Hajjami et al. [11] investigated the cross-sectional composition of a thin (around 2 µm) Zn-Ni coating
using glow discharge optical electron spectroscopy (GD-OES) and electron probe microanalysis
(EPMA). They found that a very thin layer of high content or even pure nickel is present at the steel
interface, followed by a small gradient, reaching bulk composition ca 70-90 nm from the steel
4

interface. They speculate that this is because the nickel forms a compound with hydrogen, Ni2H during
the electrodeposition at the interface. This compound then inhibits the deposition of Zn, causing a
gradient to develop. Lehmberg et al. [15] show similar result on a thin, 0.05 µm, acid electrodeposited
zinc nickel coating. However, they differ in that they do not detect the innermost, pure nickel layer,
only the gradient. They also show that the gradient is less pronounced at higher current densities
during the electrodeposition [15].

2.1.2 Passivation layer
The middle layer is often the thinnest of the three, usually less than 1 µm (200-400 nm [16]), and is
called passivation, or conversion layer. It is based on either trivalent or hexavalent chromium ions, and
provides extra protection against corrosion by acting as a barrier [16] [17] and preventing moisture
from reaching the Zn-Ni [2]. This will help protect the underlying layer from white rust [16]. It also
provides protection by the inhibiting effect of chromium on dissolution of metals and reduction of
oxygen [18].
The chromium passivation layer is applied electrolytically, much in the same way as the Zn-alloy base
layer. The pieces (now with a zinc-alloy base layer) are emerged into another electrolyte containing
chromium ions that are deposited onto the surface once a current is passed through the system. The
electrolyte usually also contains hydrogen ions, oxidizing agent and surfactant [19]. On the Zn-alloy
surface, the chromium will form a layer of complex chromium compounds, including chromium oxide
and hydroxide, giving the passivation layer gel-like properties [4]. After the electrodeposition, the
pieces are sometimes dried in an oven at a temperature below 70 °C. [3] This causes the layer to dry
out and harden, becoming more abrasion resistant. The removal of water from the structure causes
shrinkage, and microcracks appear in the layer. These cracks are usually not harmful, even though
excessive heating can over-dry the sample, causing the cracks to grow to harmful sizes. [17]
Together with the top-coat, the passivation layer also provides the right aesthetic appearance to the
screw surface. The black colour on screws used by Scania can be attributed to the passivation layer.
Black coloured passivation layers have additives that etch the underlying layer, causing it to oxidize
locally (around 1.5 µm into the surface of the zinc-alloy) [20]. The oxides of nickel or iron, depending
on alloy, mix with the passivation and gives it a black colour [2] [20] [21].
Passivation layers can be based on trivalent or hexavalent chromium ions. Hexavalent ions have for a
long time been the more common option, because of its good properties and self-healing effects.
However, in later years more restrictive rules against its usage have spurred development of
alternatives. This has allowed the trivalent passivates to compete with the hexavalent coatings in some
fields. [21]
As mentioned, the hexavalent chromium passivation layer has self-healing effects. This is because the
Cr(VI) can be reduced to Cr(III) [17]. In the event of damage of the layer, solvable hexavalent chromium
will fill eventual gaps and in conjunction with water create new hydroxides that build the layer up
again. Seeing as no Cr(VI) is present in the Cr(III) passivation layers, they do not possess this property
[16].
On the other hand, the trivalent chromium has a higher resistance to thermal shock than the
hexavalent coating. It can without problems withstand temperatures of 300 °C, whereas the
hexavalent passivation layer will crack severely due to dehydration at this temperature [22]. The
trivalent passivation layer also shows micro-cracks when subjected to heat or vacuum, but the effect
is smaller.
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2.1.3 Top coat
The top layer is called top-coat, sealer, or sometimes post-dip, and can be a few hundred nm up to a
few µm thick. There is a large variety of different top-coats, and a variety of different names, including
acrylates, polyesters, wax, silicates and urethane [2]. Some suppliers even use several layers of topcoat, calling them by different names. This makes it hard to find in literature, and in many cases, each
supplier has its own variety of top-coat. Common to most though, is that it is an organic matrix, with
pellets of wax (for friction control) mixed with inorganic corrosion inhibitors [16] [23] [24] [25]. There
are also variants of top-coat that are inorganic [2].
The properties of this layer are flexible and can be altered to give desired frictional coefficient of the
screw. Seeing as it is often organic, it also affects the electrical conductivity of the screw negatively.
The top-coat is important to prevent contact (galvanic) corrosion, as it will isolate the zinc deposit from
the atmosphere, and leach conductive chromium salts from the passivation layer that can act as
inhibitors [26].
The top-coat is applied as a last step in the coating process by dipping the parts in a slurry and
centrifuging them to distribute the layer. Some top-coat types are pre-polymerized, while others
require hardening by heating after the application [20].

2.2 Microstructure of the layers
The microstructure of the coatings is a factor that
can affect the functional properties of the screw
and is something that will be investigated in the
study. Images of previously documented zincalloy coating microstructures was collected and
analysed, in order to more easily categorize the
microstructures in the present study.
The pure Zn-Ni layer without passivation show
nodular grains that can be seen as a
“cauliflower” structure in top view SEM images
[12] [21] [22] [27] [28]. Cracks are also visible in
the structure, at least after exposure to the
atmosphere or other corrosive media [12] [27].
Increasing the Ni-content increases the cluster
size and the cracking of the structure [28]. Figure
2 shows an example of a micro-cracked zincFigure 2 – Cracked cauliflower structure of zinc-nickel coating
nickel cauliflower structure.
(17 wt% Ni) without passivation or top-coat [28].
Both pure zinc layers and zinc-iron alloys exhibit
finely grained hexagonal crystals that are more even than the zinc-nickel alloys. There are also no
cracks visible in the zinc or zinc-iron structure [7] [12] [28] [29].
The passivation layer can be seen on top of the zinc-alloy base layer, and generally displays a fine
network of micro-cracks over the surface. There is a slight difference between the trivalent and
hexavalent passivation layers. The trivalent chromium passivation layer shows smaller, more branching
cracks [21] [22] than the hexavalent, that displays a bit larger “dry mud”-like cracks, with longer, less
branching, cracks [8] [21] [30].
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Hexavalent

Trivalent

Figure 3 –Example of hexavalent [21] (left) and trivalent [22] (right) chromium passivation layers applied on zinc-nickel.

2.3 Functional properties of the coating
Scania has demands on corrosion resistance, electrical conductivity and friction on their screws. A
brief explanation of the terms and the type of requirement from Scania is presented here.

2.3.1 Corrosion
In all metals there is a thermodynamic driving force to react with oxygen or other elements in air or
water at ambient temperatures. The metal will oxidize and ions will be dissolved into the electrolyte
(e.g. water). Upon oxidation, electrons will be released into the remaining metal. This is called an
anodic or oxidation reaction. The electrons from the anodic reaction is then transported to the surface
of the metal where it reacts with cations present in the electrolyte (e.g. hydrogen ions). This is called
cathodic or reduction reaction. Figure 4 shows a schematic illustration of the process. This reaction will
consume the pure metal and produce undesired oxidation products that can undermine the properties
of the metal. This needs to be prevented if the performance of the surface is to be maintained. [31]
[32]

Figure 4 – Schematic illustration of the cathodic and anodic reactions during corrosion. Image edited from [32]
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There are different ways to protect the metal from a corrosion attack. For example, some materials
inherit a natural passivity. Passivity is the ability of some metals to establish a naturally passive surface
film of corrosion products. This film is usually extremely thin and will act as a barrier, separating the
metal from the environment and thereby preventing further corrosion. Aluminium and chromium
containing stainless steel are examples of metals that are forming such dense and thin passive films.
[31] [33]
Cathodic protection is another method that can be used to protect metals from corrosion. The basic
principle of cathodic protection depends upon supplying the base metal with a surplus of electrons
that inhibit the anodic reaction. This can, for example, be done by putting two metals with different
nobility in contact with each other. The less noble metal will then, being more susceptible to corrosion,
uptake the whole of the anodic dissolution current, leaving the more noble metal uncorroded. The less
noble metal is consumed in the process, why it is sometimes referred to as a sacrificial anode. [31] Zinc
is due to its low nobility usually used for this purpose, and the zinc-alloy layer applied to fasteners in
the automotive industry will protect the steel of the screw through this method.
Different corrosion mechanisms can take place on a steel part plated with a zinc-alloy coating.
Generally, the zinc of the zinc alloy will corrode first, generating white corrosion products. Once the
corrosion has eaten through the zinc, it will reach the steel where red-brown corrosion products will
be formed.
The zinc corrosion products can be of different types, and it can sometimes be hard to distinguish them
from each other. White Haze is a corrosion product of zinc that is formed between the passive layer
and the zinc alloy. It is usually very thin and is not considered harmful. It has even been claimed to act
as a barrier, increasing corrosion resistance [34].
White corrosion (sometimes white rust) is a more voluminous corrosion product that is formed when
the passivation layer no longer can protect the underlaying zinc. This is the zinc corrosion type that is
decisive for the protective properties of the coating, and is therefore the corrosion type that should
be evaluated in a quality test situation. In order to avoid confusion between haze and white corrosion,
water can be sprayed over the part prior to evaluation. The haze will not be visible when the part is
wet, and the types of corrosion can therefore easily be distinguished. [4] [34]
The corrosion resistance of components used by Scania is tested according to Scania’s internal
standard STD 4319. The samples are placed in an inert holder and exposed to a cycle of repeated
changes in temperature and humidity for a certain time, generally 6 weeks. At regular intervals, the
samples are sprayed with a salt solution. The samples are then removed from the chamber, and
corrosion is evaluated according to the international standard ISO 10289.
ISO 10289 uses a numerical rating system based on the area of corroded base metal relative to noncorroded base metal in percent (from 0.1% to 50%). Based on a visual assessment of percent of
corroded metal in ten stages, a Rp value is calculated and rounded off to the closest integer. This
number is called protection rating, and it gives an indication of how well the coating protects the base
metal. This is the rating Scania uses to evaluate red corrosion. Another number, Ra, can be calculated
based on type, area and subjective degree of deterioration. This is called appearance rating and is a
measure of how much of the coating itself that has deteriorated and how much of the defects that are
clearly visible. Scania uses only the relative area corroded zinc to evaluate white corrosion, which is
assessed by visual estimation in the same way as the protection rating. These numbers can be
evaluated separately or combined as a performance rating. [35] Depending on where on the truck the
fastener is used, they will have different requirements on protection and/or appearance rating.
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2.3.2 Friction
When two surfaces in contact roll or slide against each other, frictional forces arise to resist the motion.
The frictional force (F) is directly proportional to the normal load (W), with a proportionality constant
called coefficient of friction (µ).
𝐹 = 𝜇𝑊

Equation 1

The coefficient of friction is determined by several factors, such as surface smoothness, cleanliness
and material properties of the sliding objects [36].
During assembly of a screw or bolt, only about 10% of the applied torque is used to generate preload.
The rest is used in overcoming the friction in the threads and under the head. When tightening a screw,
the frictional behaviour of the threads can be thought of as an object being pushed up a hill, where
the hill is the thread of the screw, and the pitch of the screw (P) is the slope. This means that the
normal force along the top side of each thread is pushing the screw down during tightening. [37] Figure
5 illustrates the situation.
The assembly torque, MA, is given by the so-called Kellerman-Klein equation [38]:
𝑃
2𝜋

𝑀𝐴 = 𝐹𝑀 (

+

𝜇𝑡ℎ 𝑑2
𝜇 𝐷
+ 𝑏 𝑏)
2𝑐𝑜𝑠30°
2

Equation 2

Where FM is the bolt preload, P is the pitch of the thread, μth and μb is the friction coefficients of the
thread and underside of the head respectively, d2 is the pitch-diameter of the thread, and Db is the
friction diameter, which is the average distance between largest (dw) and smallest (dh) contact
diameter between the underside of the screw head and the base material, as seen in Figure 5.
𝐷𝑏 =

𝑑𝑤 +𝑑ℎ
2

Equation 3

P

Figure 5 - Schematic illustration of the frictional behaviour of a screw thread during mounting, and designation of terms in the
equations. Images edited from [37] and [38].

The demands on friction are important to prevent slipping or opening of a joint and ensuring that the
applied torque gives a sufficient clamping force to hold the pieces together. These demands are tested
by the suppliers prior to delivery to Scania. For introduction and verification of new screw types, a
verification test can be performed at Scania. Both test types are conducted according to internal Scania
standard STD4419. To be accepted for use, the screws must show a friction coefficient μtot that is within
the specified values adding and subtracting three standard deviations.
Friction measurements on various screw types have been carried out at Scania over many years. The
process of switching the Cr(VI) plated screws to other alternatives has generated an increase in friction
testing. Some of these test results have been collected and compared. A selection of values are plotted
9

in Figure 6. Zn-flake is a non-electrolytic coating that is non-conductive, and used in places where
conductivity is not necessary.
From these results it is clear that the friction coefficient varies with dimension, mating material and
surface treatment. However, there does not seem to be any clear correlation with any of the
properties, as the friction coefficient is higher for bigger screws for one screw type, but lower for
another. Similar coating types also display varying results. What can be concluded is that the friction
coefficient for Al-Al is generally highest, and it is the value that is most commonly outside the
requirements.
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St-St

Flake

ZnFe1

M8

ZnNi1

M10

ZnFe2

M16

ZnNi2
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ZnNi3
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Al-Al

Flake

ZnFe1

M8

ZnNi1

M10

ZnFe2

M16

ZnNi2

Min

ZnNi3

Max

Pw-St

Flake

ZnFe1

M8

ZnNi1

M10

ZnFe2

M16

ZnNi2

Min

ZnNi3

Max

Figure 6 - Friction coefficient of screws previously tested by Scania with varying surface treatment. Tested for steel to steel
surface (St-St), aluminium to aluminium surface (Al-Al) and powder coated steel to steel surface (Pw-St) according to STD
4419.
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2.3.3 Electrical conductivity
The electrical system in Scania’s vehicles is reliant on good grounding between different parts in the
cab, chassis and engine. Problems in grounding can result in difficulties in the engine start, charging
problems or error codes in the electrical system [39]. It is therefore important that the screws
connecting the parts are sufficiently electrically conducting. The coating of the screw affects its
conductive properties, and is therefore important to control.
The demands for electrical conductivity of the screws are stated in the internal Scania standard
STD4472. The resistance of the screw is determined by measuring the voltage drop between two
screws connected by a steel bearing plate. The standard demands a maximum resistance over the two
screws. There is one demand for general purposes (class I), and one for high demand purposes (class
II).
As a part in the Cr(VI) phase out, the electrical conductivity of several different coating types has been
measured and collected in a previous internal Scania report [39]. The results of that report are plotted
in Figure 7. The conductivity of the surface layers differs, and the zinc-iron coatings have a conductivity
that is approximately 2-4 times higher than the zinc-nickel. Zn flake is a coating system that is applied
non-electrolytically, and is known to have a very high resistance and generally not used in applications
where there is a demand on conductivity. In these tests, it has a resistance that is up to 40 times higher
than the zinc-iron. It was also found that the cleanliness of the nuts is essential in providing a sufficient
conductivity, as unclean threads in the weld nut can increase the resistance several times. The
resistance also differs between suppliers of the same surface treatment type. [39]

Resistance (mΩ) of fasteners tested previously by
Scania and suppliers

Class I

Class II

ZnFe1 ZnFe1 ZnFe1 ZnFe2
(unclean
(shorter)
nut)

ZnNi1

ZnNi2

ZnNi3 Zn flake Zn (M10) ZnNi4

ZnNi5

Figure 7 - Resistance (R) of screws with varying surface treatments. Dimensions are M8 unless otherwise stated.
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2.4 Theory of experimental techniques
A brief explanation of the theoretical background of some of the test methods is presented, to help
in the interpretation of the test results. The XRF, BIB, GD-OES and FTIR tests were performed and
interpreted by the external partners Proton Technology and Swerea KIMAB. The theoretical
background presented for these methods are therefore brief.

2.4.1 SEM-EDS
The scanning electron microscope uses a beam of electrons to acquire an image of the sample. The
beam is generated from an electron source or filament, for example a field emission gun where
electrons are pulled out of a thin crystal tip by a large electric potential. The electron beam is then
accelerated and focused by a series of electromagnetic lenses and apertures [40] [41].
Once the beam hits the specimen the electrons enter and interact with the material. There, they can
hit other electrons in the material and displace them from their natural route, making them leave the
material. These electrons are called secondary electrons. In other cases, the same electrons that enter
the material bounce back out, and are called backscattered electrons. The electrons are collected and
analysed to create an image of the surface. Most commonly, it is the secondary electrons that form
the topographical image of the surface. Backscattered electrons can be used to get contrast images of
the average atomic number of certain microstructural features of the sample. A part with higher
atomic number will look brighter than a part with lower atomic number, as it will emit more primary
electrons due to the larger atom size. [40] [41]
The interactions between the incoming electrons and the electrons of the material also generate Xrays with element-specific wavelengths. Another detector can analyse these in order to determine the
chemical composition of the material. This is called energy dispersive x-ray spectroscopy (EDS), and
can be used for chemical elements analyses. [40]
The electrons enter and interact with the
20 kV
material only to a certain depth. This depth is
5 kV
affected by the atomic number of the test
specimen, as a heavier material will be harder
to penetrate and absorb more of the electrons.
The penetration depth thus decreases with
increasing atomic number. The penetration
depth is also affected by the acceleration
~0.2 µm
voltage of the electron beam. A higher voltage
~1.5 µm
will give a higher penetration depth, as the
electrons will have lower wavelength and thus
higher energy. This will allow the electrons to Figure 8 – Schematic illustration of the electron interaction
escape between the atoms in the material to a volume using varying acceleration voltages.
higher degree, giving a higher mean free-path,
and decrease the scattering effects. Figure 8 shows a schematic illustration of penetration depth with
varying acceleration voltages. The penetration depth values marked in the figure are approximate, as
it also depends on specimen type. The increased voltage will also result in a higher signal and lower
noise of the image [40] [41].
In order to get a complete image of a desired surface of the specimen, the electron beam is scanned
across the surface of interest, and data is collected and stored for each point, and then put together
to form a complete image. Magnification is determined by varying the scanning area, as a smaller area
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will give information about points more closely positioned to each other, thus creating a more detailed
“zoomed in” image. [40]
It is essential that the electron beam operates in vacuum, as gas atoms or molecules will scatter the
electron beam. This scattering will reduce the resolution of the image and increase the spot size [40]
[41].

2.4.2 XRF
In x-ray fluorescence (XRF) measurements, the sample is bombarded with x-rays that interacts with
the material, making it send out secondary x-rays. These rays are element specific and can be analysed
to determine the composition of the material.

2.4.3 BIB
Broad ion beam (BIB) is a kind of polishing technique used to prepare surfaces SEM observations. The
instrument shoots a beam of heavy ions (usually argon) on the surface of the target material. The ions
sputter the atoms from the material, and gradually eats away the surface. This generates a fine cut
that can be inspected in SEM. The cut can be made in different ways, for example slope cutting, as
illustrated in Figure 9 [42].

Figure 9 – Schematic illustration of BIB slope cutting of a sample. Image edited from [42].

2.4.4 GD-OES
Glow discharge optical emission spectroscopy (GD-OES) is a method for qualitative and quantitative
analysis of solid materials by spectroscopy. The technique is based on sputtering of the sample surface
with a plasma of argon ions. The atoms in the sample material are removed and upon entering the
14

plasma emits photons of specific wavelengths. These light waves are analysed and used to determine
the type and amount of species in the material [43] [44].

2.4.5 FTIR
Fourier transform infrared spectroscopy (FTIR) is a method for identifying the chemical bonds in
organic substances by measuring the absorption of infrared light in the material. A beam of infrared
light is shined through the sample, and a spectrum is generated by a detector on the other side. This
spectrum is then “decoded” by a Fourier transform operation, hence the name. Different molecules
absorb different frequencies and thus generate different spectrums, that can be compared with
reference spectrums to determine the type of molecule in the material. [45] FTIR can be used on a
single point or a larger area as a map.
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3 Experimental details
An explanation of the methods used to investigate the properties of the screw is presented.

3.1 Samples
Nine fastener types were examined and compared in the scope of the study. Not all screw types were
tested in all tests, because of various limitations of the screw, testing method or simply testing time.
The screws differed in base layer alloy type and dimension, but also in suppler of screw, surface
treatment chemicals and surface treating. Each screw type to be examined was designated with the
coating type (Zn, ZnNi or ZnFe) and dimension (8, 10, 14 or 16) according to Table 1. In the cases where
there were screws with the same coating type but from different suppliers, a capital letter A-D was
added after the surface treatment name.
The ZnFe screw is an older coating type with hexavalent chromium in the passivation layer. It is
presently replaced with ZnNi screw types, and was used as a reference for the previous system used
by Scania.
Table 1 - Sample designation.

Supplier

Alloy

Dimension

Supplier
of screw

Supplier of
chemistry

Supplier of
Surface
treatment

M8

M10

M14

Screw1

Chem1

Sur.tre.1

ZnNi

ZnNiA10 ZnNiA14

Screw2

Chem1

Sur.tre.2

ZnNi

ZnNiB10

Screw2

Chem1

Sur.tre.2

ZnFe (Cr(VI))

Screw3

Screw3?

Screw3

Zn

Screw1

Chem2

Sur.tre.3

ZnNi

Screw4

Chem2

Sur.tre.4

ZnNi

M16

ZnNiB14
ZnFe14

Zn10

Zn16

ZnNiC8
ZnNiD16
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3.2 Sample preparation for SEM-EDS and LOM
The screws were examined in microscope from a top-view
(overhead) and in cross-section in order to get a general idea of
the morphology of the surface layer.
The screws to be examined in cross section were cut and hotmounted in a non-conductive resin. Three screws of each screw
type were mounted.

Figure 10 - Ground and polished crosssection of screw head and bottom,
mounted in non-conductive, hot-moulded
matrix.

Each mount held one cross section of the screw head, and one
cross section of the threaded part of the screw as seen in Figure
10. The mounts were ground in an automatic grinding machine
and polished using diamond (1 μm) paste.

Prior to mounting, an investigation of what mounting method was
best suited for the surface layer investigation was conducted.
Three samples of the same screw type (ZnNiA14) were hot-mounted in a non-conductive matrix, hotmounted in a conductive matrix, and cold mounted in a non-conductive matrix. The samples were then
examined in SEM and LOM, to determine what matrix was best suited for investigation of the surface
coating.

3.3 LOM
Three of each screw type were examined in cross-section in a Zeiss Imager.M2m LOM. A length
measuring tool was used to measure the thickness of the Zn-alloy layer at nine points at three different
areas along the screw. The three areas were the top of the screw head (a), the underside of the screw
head (c), and the upper side of the screw thread (d). These areas were chosen because they were
assumed to have the biggest impact on the functional properties of the screw. Figure 11 shows a
schematic illustration of the relevant points on the screw, together with an example picture of the
thickness measuring in point a.
Point b on the edge of the screw head was also investigated in the LOM. In this point it was evaluated
whether the coating was worn away or not. It was measured by a visual assessment in three levels:
Fully missing, thinner than surrounding coating or same as surrounding coating. This evaluation was
performed on both corners of all three mounted screw heads of each screw type, in total 6 points for
each screw type.
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b

Figure 11 - Example of surface layer thickness measurements in LOM. The example picture is from ZnNiB14

3.4 SEM-EDS
SEM pictures were taken using a Zeiss Σigma VP SEM, from above and in cross section. All unmounted
samples to be investigated in the SEM was washed in an ultra sonic cleaner in an ethanol (99.9%) bath.
This was done in order to avoid contaminating the vacuum chamber, and to get a clear picture without
contaminants that can cause charging effects and distort the image. Acetone or any other stronger
cleaning agent was not used for typical sample investigations, due to the risk that this would dissolve
the top-coat. Most of the unmounted samples were also cut a few mm under the head, and had the
threaded part removed in order to fit them in the SEM chamber. This was done prior to washing.
Mounted samples were wiped with cotton and ethanol and blown dry with compressed air in order to
remove fingerprints and other contaminants.
Overhead pictures were taken at one or more points on the head of each screw. Each picture was
taken at two different acceleration voltages, 20 and 5 kV. At each point, three magnifications were
used, 100, 500 and 2500x. This created a good overview of the topographical structure of the coating,
as well as the distribution of the top-coat.
Overhead images of screws that had been friction tested were also analysed and compared with
images of unused screws. The images were taken on the underside of the screw head, where the
frictional forces are largest.
Images were also taken on screws cleaned in an acetone bath in the ultrasound cleaner. This in order
to see if the acetone would dissolve the top-coat, allowing the underlaying layers to be seen without
the top-coat, and be used as a reference when investigating the distribution of the top-coat.
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3.5 XRF
X-ray florescence (XRF) measurements was conducted by the external
partner Proton technology. This method was used to determine the Nicontent of the ZnNi type coatings ZnNiA10 and 14, ZnNiB10 and 14,
ZnNiC8 and ZnNiD16. The test also generated data on the thickness of
the coating, that can be used to complement the thickness
measurements done in the LOM. Three screws of each type were
examined.
The side of the screw head was analysed in this measurement, as seen
in Figure 12.

Figure 12 – XRF analysis was
performed on the spot marked by
the red circle.

3.6 Surface roughness
A specialized testing department at Scania Södertälje performed the surface roughness measurements
on the fasteners. The tests were performed along one line of around four millimetres on the underside
of the screw head, and on three screws of each screw type. This spot was chosen because it is one of
the points that determine the friction coefficient of the screw when drawn. A Mahr surface roughness
measuring device was used, with drive unit LD 120 and LD A 14-10-2 1415 giver. The technique is based
on a very fine needle that is scanned across the surface and that registers any changes in topography.
The signal is translated into a curve that follows the topography of the surface. Different values that
indicate surface roughness can then be calculated based on the form of the curve. The roughness
values that were tested for were Rk, Rpk, Rvk, Ra, Rz and Rsm.
Rk is the height of the area in which the material ratio growth is highest, and is calculated by finding
the point on the curve with the smallest inclination, and then extrapolating a straight line through this
area and to the edges of the measuring area. The Rk-value is then the distance in y between the
intersection points of the tangent line and the edges [46].
Rpk and Rvk represents the cross-section area of the most protruding tops and crevices. This is
calculated in order to decrease the impact of the thinnest tops and crevices, as these generally have
no significant effect on functional properties. It is calculated by approximating a triangle between the
material ratio curve and the straight line of Rk, and calculating the area. Figure 13 displays an example
of an evaluation of Rk, Rpk and Rvk. [46]

Figure 13 - Illustration of Rk, Rpk and Rvk evaluations. [46]
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Ra is the average value of the absolute height coordinates above and below the middle line. It is
unsensitive to single deviations of topography in the surface, and is therefore appropriate for
applications where such extremities are of little importance. Figure 14 displays an example of an
evaluation of Ra. [46]

Figure 14 - Illustration of Ra evaluation. [46]

Rz is the distance between the highest tip and lowest crevice within the reference length. It is
calculated as an average between a number of reference lengths, and is therefore insensitive to
occasional deviations. Figure 15 displays an example of an evaluation of Rz. [46]

Figure 15 - Illustration of Rz evaluation. [46]

Rsm is the average width of the profile element. It is often used to measure periodic profiles. Figure
16 displays an example of an evaluation of Rsm. [46]
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Figure 16 - Illustration of Rsm evaluation. [46]

3.7 BIB
BIB SEM images were taken by external partner Swerea KIMAB on one point on one screw of type
ZnNiA14, ZnNiB14 and ZnNiC8 in varying magnifications. The BIB (broad ion beam) sample
preparation was performed by cutting the samples into small pieces (< (10x7x5 mm)). The surfaces of
interest were then polished in an Ion Beam Cross Section Polisher (JEOL IB-19500CP Cross Section
Polisher) using 8 kV voltage during 1-3 h and then a fine polishing at 3 kV in 30 min. EDS maps and
analyses were also collected during SEM analysis.

3.8 GD-OES
GD-OES measurements was performed by an external partner Swerea KIMAB. An argon plasma
spectrometer of type LECO GDS 850A was used. One point of 4 mm diameter on two screws of types
ZnNiA14, Zn16, ZnFe14, ZnNiC8 and one screw of type ZnNiB14 were investigated. Figure 17 shows an
example of a crater created during GD-OES testing.

Figure 17 - Crater in sample after sputtering with GD-OES.
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The GD-OES measurements sputters around 70 µm into the surface layer, with a speed of around 20100 nm/s. The values received are average values over the entire sputtered area.

3.9 FTIR
FTIR microscopy was performed by the external partner Swerea KIMAB using a using a Bruker Vertex
70 spectrometer and a Hyperion 3000 microscope. The measurements on coatings were performed
using a r 15X specular reflection objective or a Ge-ATR objective on the spectral region 4000-400 cm1. Single point attenuated total reflection (ATR)-FTIR measurements were performed on one screw of
types ZnNiA14 Zn16, ZnNiB14, ZnFe14 and ZnNiC8. The measurement was performed on a point of
around 100 µm in diameter. FTIR map-measurements were also done on one screw of types
ZnNiA14, ZnNiB14 and ZnNiC8.

3.10 Corrosion tests
Corrosion tests were performed on screws that were:
1) Undamaged
2) Damaged in a controlled manner using an automatic punch tool
3) Tightened once in the friction testing machine and then loosened again.
The punching tool used to create a controlled damage on the screws surface was a Rennsteig, 430 130
automatic centre punch. The mark was made in the centre of the head, and the maximum possible
force was applied to the punch.
Nine of each undamaged and punched screws were tested, and six of each friction tested. This was in
case some of the friction tested screws would need to be examined in the microscope as well. The
screw types Zn10 and Zn16 were tested on only six specimens for all tests, due to that the acquired
quantity of test screws of these types were lower than the others (n=50). The ACT was also performed
on screws with an older coating system of zinc-iron with trivalent chromium passivation, and two
additional suppliers of zinc-nickel. These screws were not investigated in any of the other tests. The
reason for the extra investigation of these screws in the ACT, was that the test is fairly self-going, and
require little operating time from the tester.
The screws to be tested were inserted into plastic fixtures, consisting of 6 mm thick plates with
threaded holes. Each plate held 9 holes symmetrically placed from each other. Once the screws were
in place, the plates were inserted into bigger “sample holders”, consisting of two, around 1.5 m long
plastic boards mounted parallel to each other, and with open holes to fit the fixtures.
According to STD 4319, the sample fixture plates were placed at an 15° angle from the vertical plane.
The screws were screwed further through the fixture plate closer to the top of the plate in order to
minimize overhang, as this would place the lower hanging screws in a rain shadow. The sample holders
were then placed in the corrosion chamber, see Figure 18. The screws were not heated in any way
prior to corrosion testing, even though the standard demands heating them to 80 °C. This means that
the screws might perform differently than screws tested fully according to standard, and they should
therefore not be compared with such measurements.
The corrosion was then evaluated after 3, 4, 6 and 8 weeks of ACT. In the first evaluation (3 w) white
corrosion was estimated according to ISO 10289. After 4, 6 and 8 weeks, the same standard was used
to estimate red corrosion.
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a)

b)

Figure 18 - a) Screws in their plastic fixtures. The screws in the top holes are screwed in further into the plate in order to avoid
rain shadow. These screws are punched. b) The screw fixtures in their holders, placed in the corrosion chamber.

3.11 Friction tests
The friction of the screw was measured according to Scania standard STD 4419 using a Ericssen friction
testing machine. The screw to be tested was assembled with a mating threaded nut and a bearing plate
or washer, through a transducer that measures clamp force. An increasing tightening torque is applied
automatically by the machine, which generates a clamp force that can be measured and used to
determine friction properties. Figure 19 shows a picture of the measuring device and Figure 20 a
schematic illustration of the friction testing set-up.

Figure 19 - Ericssen friction measuring device. 1: transducer for clamp force measurement. 2: Piston for screw tightening. 3:
Tip of inserted screw, mating nut not yet applied.
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Figure 20 – Schematic illustration of the friction testing setup.

In accordance with STD 4419, the friction was measured on mating nut and bearing plate/washer in
three different materials. One friction value for the screw was obtained using an uncoated steel nut
and an uncoated steel washer (St-St). The other used an uncoated steel nut and a powder painted steel
bearing plate (St-Pw). The third used an uncoated aluminium washer, and an uncoated aluminium nut
(Al-Al).
10 screws of each type were tested, as opposed to 20 that is stated in the standard. This was done to
save time and in some cases specimens. Even though the lower quantity gives a lower statistical
accuracy, the choice was justified by the fact that the thesis had no verifying function for Scania. The
standard is written with the purpose of verifying screw quality in order to minimize the risk for
problems in the assembly line or in the field, and statistical coverage is therefore important. Seeing as
the purpose of the thesis was to compare functional properties between fasteners, statistical coverage
was not as essential, and ten specimens was considered an adequate number.
The screws of dimension M14 (ZnNiA14, ZnNiB14 and ZnFe14) were not tested with (St-St), because
of lack of correctly sized washer of this dimension. This should however not be a big problem, since in
most previous tests the friction value for (St-St) has been between (Pw-St) and (Al-Al). The values for
Al-Al and Pw-St are still valid for comparison.
The specimen type Zn10 was property class 10.9 (as opposed to 8.8 as most other screws in the test)
and dimension M10, and for this specific combination, proper equipment was lacking. Therefore, this
screw type was not tested. However, the supplier of screw Zn10 and Zn16 had performed friction tests
according to STD 4419 on these screws in advance, and these results could be used to some extent. It
is unclear whether or not these results were from the same batch as the screws received by Scania,
and should therefore be used with caution.
Prior to testing, the parts were cleaned in order to minimize the risk of grease or dirt being present on
the test parts, as this could affect the measured friction values. The aluminium and steel nuts, and the
steel washers, were cleaned in an ultrasonic cleaner using a 10% DST degreez / 9 cleaning agent
solution in water. The powder coated steel bearing plate and the aluminium washers were cleaned by
wiping with 99.9% ethanol. Gloves were also used when handling the screws in order to avoid
contamination of fat or dirt from the hands.
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3.12 Conductivity tests
The conductivity of the screw was tested according to STD 4472. A powder coated steel plate with 10
weld nuts fastened at regular intervals along the plate was used as the basis of the measurement. Two
screws were fastened in two neighbouring weld nuts with a cable terminal, crimped with ᴓ16 mm
cable, inserted between the screw and the steel plate. If necessary to achieve correct clamping length,
an isolating plate was placed between the cable terminal and the steel plate. A manual torque wrench
was used for tightening, and an assembly torque of 34 Nm was used for all screw types. The other end
of the cables were connected to a power supply, and a current of 80 A was passed through the screws
and the steel plate. Figure 21 shows a schematic illustration of the test setup. A multimeter was then
used to measure the voltage drop between the two screws (UD-B). The voltage drop over 10 cm of the
cable was also measured for reference (UD-E and UA-B). The voltage drop of the neighbouring fasteners
(UC2-C1) was then calculated by subtracting the voltage drop of the conductor (UD-E and UA-B) from the
voltage drop of the screws and conductors (UD-B). The resistance of the screw was then calculated
according to Ohm’s law Rfastener= UC2-C1/I [47].

Cable terminal

Figure 21 - Schematic illustration of the test setup of the conductivity measurements as described in STD 4472. [47]

10 screws of screw types ZnNiA10 and 14, ZnNiB10 and 14, Zn10 and ZnFe14 were tested. Conductivity
is highly dependent on the dimension of the screw, and a larger screw will yield a lower resistance. It
is therefore meaningless to compare screws of different dimensions with each other, why only the
screws of dimensions M10 and M14 was investigated and compared within dimension class.

4 Results and discussion
The results from the measurements will be presented and discussed. The results of the
characterization measurements are presented first, and variations in the functional properties are then
compared and discussed based on the results from the characterization measurements.

4.1 Investigation of sample preparation methods for cross-sectional studies
The comparison of the different mounting methods (hot-mounted conductive, hot-mounted nonconductive, cold-mounted) showed that for all screws except Zn10 and Zn16, no significant difference
between the methods were found in terms of visibility of the surface layer structure in SEM or LOM.
For practical reasons, the hot-mounted non-conductive resin was chosen for the rest of the
investigation process. This is the fastest and most flexible mounting process. Furthermore, the crosssection investigations were primarily performed in the LOM, and eventual charging effects in the SEM
from the lacking of conductivity in the resin material could be solved by fixing the samples with
conductive tape in contact with the screw surface.
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Screws Zn10 and Zn16 had a base layer of pure Zn, and it was after examination in LOM discovered
that the surface layer had vanished during mounting. Only empty space was visible between the steel
of the screw and the resin. Presumably, the heat from the hot-moulding (around 150 °C) had vaporized
the zinc in the layer, leaving only an empty space between the steel and the resin. New screws of these
types were therefore cut and mounted into a cold resin. This allowed the Zn-layer to be seen intact in
cross section after mounting.
Neither the passivation nor the top coat layers are clearly visible in the cross-sectional images in LOM
or SEM. This is likely due to the grinding and polishing of the mount. Seeing as the surrounding resin is
softer than the zinc-alloy, a small part of the metal will curl out into the resin during grinding, and
shroud the thinner outer layers. Attempts to counteract this by mounting two screw surfaces in close
contact with each other were made. This would theoretically hinder the metallic phases from being
pushed and bended over the softer and thinner passivation and top coat. One screw each of types
Zn10, ZnNiA10 and ZnNiB10 were cut into halves and mounted (Zn10 cold-mounted, ZnNi screw types
hot-mounted non-conductive) with the top surfaces of the head facing towards each other. However,
the screws were not able to be placed close enough to each other for it to have any effect. None of
the screw surfaces were in full contact with each other, instead with a distance of around 100-200 μm
between them. See Figure 22. No difference in
Screw 2
visibility of the top-coat or passivation could be Screw 1
observed in either SEM nor LOM. As a suggestion
for further work, some kind of spring-like metal
piece could be used to push the screw heads
together. Another suggestion for further work is
to use a harder resin, that does not allow the
metal to curl around the passivation and topcoat. There are manuals and personal guidance
Resin
to get in this matter from the suppliers of the
resin. For the scope of this thesis however, it is
not possible to see the passivation or top-coat in Figure 22 – LOM picture of two screw heads (type ZnNiB10)
hot-mounted close to each other.
a regular SEM.
Later, an investigation was also done to see if cold mounting could allow the top-coat to be seen intact.
One screw of types ZnNiA14, ZnNiB14 and ZnFe14 and three screws of type ZnNiC8, was cold mounted
and investigated in SEM and LOM. The results showed no difference in visibility of the top coat for
these screws. However, some of the coatings were damaged and had been loosened from the steel,
presumably during grinding. An example of a damaged and undamaged coating can be seen in Figure
23.
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Hot-mounted sample of screw ZnNiC8

Cold-mounted sample of screw ZnNiC8

Figure 23 – LOM picture of damaged coating on point a on screw ZnNiC8, and an undamaged coating of screw ZnNiA10. The
thickness of the layer was measured on three points along the coating.

4.2 LOM
The results from the zinc-alloy layer thickness measurements are displayed in Figure 25.
For all screws, the surface layer is thinner in point c (underside of screw head) and d
(upper side of screw thread), than it is in point a (top of screw head). This is an effect of
the electrolytic application process where the layer is more easily applied on the top of
the screw than on the sides [20]. This is normal for zinc-nickel based surface coatings,
and does usually not pose a problem for the functional properties. However, if the
difference is too large, the increased thickness on the thread could mean a decrease in
tolerance and cause problems for the customer during assembly. This problem was
supposed to be smaller for zinc-iron or pure zinc based coatings, than for zinc-nickel.
However, the results of the LOM measurements indicate that the effect is around the
same magnitude for the ZnNi screw types as for the Zn types. For ZnFe14, the difference
is a bit smaller, at least than the ZnNiB screw types. The top-coat and passivation is not
visible in the LOM cross section images, and the measured thickness is of the zinc-alloy
layer only. An illustration on the relevant points of the screw and their designations are Figure 24 – Illustration of the
relevant points during LOM
visible in Figure 24.
analysis.
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Surface layer thickness (µm)

Surface layer thickness
25,00
20,00
15,00
10,00
5,00
0,00

a

c

d

ZnNiA10

9,84

7,29

8,28

ZnNiA14

9,87

5,71

6,06

ZnNiB10

18,19

9,50

9,74

ZnNiB14

17,17

9,49

8,03

ZnNiC8

15,80

ZnFe14

18,03

12,99

11,21

Zn10

12,98

8,85

8,24

Zn16

18,58

10,71

11,13

Point on screw
Figure 25 - zinc-alloy layer thickness on point a (top of head), c (underside of flange) and d (upper side of thread).

In point b (upper corners of the screw head), the surface layer is often missing. In the cases it is not
missing entirely, it is often thinner than on the surrounding surfaces. This is of course not beneficial
for the functional properties of the screw, and as mentioned later in 4.9 Corrosion tests, it is in these
points that corrosion often is initiated. It is likely that the missing surface treatment in these areas
are the cause of the accelerated corrosion.

Evaluation of status of the coating in the edge of the screw
7
6
5
4
3
2
1
0
ZnNiA10

ZnNiA14

Zn10

Zn16

ZnNiB10

Fully missing

Thinner

No difference

ZnNiB14

ZnFe14

Figure 26 - Number of damaged corners out of six corners investigated on each screw type.
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The cause of the missing coating is unknown, but it is likely it arises during the application process.
Seeing as the screws are rotated in a drum during application, the corners are constantly subjected to
collisions and wear from the other screws in the drum. This could mean that the coating is continuously
damaged and that it never gets the chance to apply properly. Another explanation could be that the
coating is damaged after electrodeposition, during transportation to the customer. Here, the corners
are exposed much in the same way as in the drum, by collisions with nearby screws during handling.
This could wear the coating down or break parts of it off.
Table 2 displays representative images of point a and b on all screw types. Other than the thickness
measurement and the damage evaluation, it can be seen that the ZnNiB and ZnNiC screw types have
a more uneven coating structure than the ZnNiA, with more cracks and pores in the zinc-nickel layer.
Table 2 - Example images of the surface coating as seen in LOM.

Screw
ZnNiA10

Point b (100x magnification)

Point a (200x magnification)

ZnNiA14

ZnNiB14
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ZnNiB10

ZnNiC8

ZnFe14

Zn10

Zn16
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4.3 SEM-EDS
The overhead SEM images revealed the structure of the coatings outermost layers. Table 3 shows
representative overhead SEM images of the different screw types. Generally, the structural
appearance of these layers compares well with previous literature on the subject. The micro-cracked
structure of the passivation layer is present on all zinc-nickel based coatings. Also, the cauliflower
structure of the underlaying zinc-nickel is more or less present in all of these coatings, though to a
varying degree. In general, though sharing the same basic structural components, there was a large
difference in appearance between the zinc-nickel screw types, and sometimes also between screw
sizes. Table 3 shows representative pictures of all 9 zinc-alloy screw types taken at 20 kV acceleration
voltage, at two different magnifications each. All relevant SEM images taken in the study, including
100x magnification images, are displayed in Appendix 1.
The micro-cracks in the passivation layer are present on all of the ZnNi type-screws, but the underlying
zinc-nickel structure differs. Screws of type ZnNiA has quite an even zinc alloy base-structure compared
to ZnNiB, ZnNiC and ZnNiD, that are full of cavities and mounds. Screw types ZnNiA and ZnNiB have
the same supplier of chemical substance in the electrolyte, but different surface coating companies,
and different screw manufacturers. Screws ZnNiC8 and ZnNiD16 have the same chemical supplier, that
is different from that of ZnNiA10 and ZnNiB10, but also different surface treatment companies. This
indicates that the process of the surface treatment suppliers differs from supplier to supplier, and that
this gives an effect on the appearance of the layer.
It is also likely that the supplier of the chemicals affects the appearance of the coating. However, seeing
as none of the screws have the same surface treatment supplier, it is not possible to say with certainty
that the supplier of chemicals affects the morphology of the surface treatment. The supplier of the
screw itself seems to have little effect on the appearance, since screw ZnNiA10 and 14 and ZnNiC8
have the same supplier of screw, yet very different surface structure.
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Table 3 - Representative overhead SEM images on top of the screw head on all screw types. Taken with 20 kV acceleration
voltage at 500 and 2500x magnification.

500x

2500x

ZnNiA10

ZnNiA14

ZnNiB10
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ZnNiB14

ZnNiC8

ZnNiD16

Zn10

33

Zn16

ZnFe14

The top-coat was on some screws clearly visible as a dark substance, usually also displaying charging
effects. Figure 27 shows the results of an EDX-map investigation of an area on screw ZnNiA10 that
confirms that that the dark substance in some of the images is top-coat. The map revealed that the
areas lacking the dark substance are higher in chromium, oxygen, zinc and nickel, while the darker
areas are rich in silicon and carbon. These results indicate that the darker areas in the pictures are the
polymeric, silica-enriched top coat, and that the areas lacking the dark substance is the underlaying
zinc-nickel layer with the chromium passivation exposed. The charging defects observed in the darker
areas also support this theory, seeing as the top coat is non-conductive.
The top-coat was generally more easily distinguished in 5 kV acceleration voltage, where the lower
penetration depth allowed the outmost top-coat layer to be seen without signals from the underlying
zinc-alloy. In some cases though (ZnNiA, Zn), the top-coat was clearly visible even at 20 kV acceleration
voltage. Figure 28 shows two examples of SEM images of screw type ZnNiC8, taken at 5 and 20 kV
acceleration voltage. In the 5 kV picture, the top-coat is clearly visible across the whole image, and in
some spots the underlying micro-cracked structure of the passivation layer is visible beneath the topcoat. In the 20 kV picture, no trace of the top-coat is visible. Looking only at this picture, it would be
easy to believe that there is no top-coat at all present on the screw, which is of course incorrect. It is
therefore important to use varying acceleration voltages when investigating the nature of the topcoat, and if necessary also EDS-mapping.

34

SEM Image

EDX
mapping

Figure 27 - SEM image and EDX map of presumed top-coat on screw ZnNiA10. Picture is 662X magnification.

5 kV

20 kV

Figure 28 – SEM image of screw ZnNiC8 taken at 5 and 20 kV. Top-coat is visible on the 5 kV picture. Both pictures are taken
at the same point on the top of the screw head.

The overhead SEM images of sample ZnNiA10 and ZnNiA14 revealed shifts in the top-coat layer, with
large areas (sometimes several mm across) lacking top-coat even at 5 kV acceleration voltage, see
Figure 29. This unevenness of the top-coat is present on all screw types, but to a varying degree. On
some of the screws, there are areas with a gradual shift towards thinner and thinner layers of top-coat
(screw ZnNiD16). Others show small holes in an otherwise thick and even carpet of top-coat (screw
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Zn10 and Zn16). Some show an even but thin layer, with local patches of thicker top-coat (screws
ZnNiB14 and ZnNiB10). Some are a mix between some or all of these (screws ZnNiA10 and ZnNiA14).

1

1

2

2
Top-coat
Dirt, or traces
of Top-coat
ZnNi layer +
Cr(III) passivation
without top-coat

Figure 29 - SEM images of screw ZnNiA10 taken at 5 kV acceleration voltage. The pictures are taken at 100, 500 and 2500 X
magnification.

Screw types Zn10 and Zn16 differed from the other screws in the sense that they had a very thick layer
of top-coat that covered almost the entire surface of the screw head. The top-coat was not at all
penetrated by the electron beam, even when using 20 kV acceleration voltage. The only place where
the underlying zinc-layer was visible was in some relatively small holes sparsely scattered across the
surface, or close to the edges of the screw head. The structure of the zinc was a very fine structure,
without any distinguishable patterns or cracks (at 2.5k X magnification). The SEM images in Table 3 on
the Zn type screws were taken at points where a hole was present in the top-coat, in order to show
the underlaying structure. Screw type ZnFe14 with the Cr(VI) passivation layer, displays a similar
underlying structure as the pure zinc screws, but had a thinner and more uneven top-coat.
The investigation of the parts cleaned in acetone showed no significant difference in terms of top-coat
distribution between them and the parts cleaned in ethanol. It is possible that there are other solvents
that could be used to dissolve the top-coat, but no further investigations were done on this subject.
SEM images taken on the threaded part of the screw shows more clearly the mounds in the zinc-nickel
structure that could be seen on the screw head. Thanks to the natural inclination of the thread, the
“hills” can be seen protruding above the rest of the surface. The images of the thread also show that
the top-coat is clustered at certain points between the threads. This is likely an effect of the application
process, where perhaps the screws were left lying in a fixed position before the top-coat was properly
polymerized, allowing the top-coat to glide down and accumulate along the bottom of the screw.
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2

3

3

ZnNi “mounds”

1

Clustered top-coat

1
2

Figure 30 - SEM images of the thread of screw type ZnNiB10. The mounds that could be seen in top-view on the head can be
seen as clearly protruding thanks to the natural inclination of the thread.

Images taken at the underside of the flange of the friction tested screws show that the top-coat is
smeared out and has been clustered close to the outer rims of the flange during tightening. The
underlying passivation and metallic zinc-alloy is mildly deformed on the more protruding segments,
and faint deformation lines are visible in the direction of the rotation, but otherwise remains
undamaged.
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Friction tested

No top-coat

Top-coat cluster

Friction tested

Not friction tested

Even top-coat layer

Not friction tested

Deformation mark

Figure 31 - Overhead SEM images of the underside of the screw head on friction tested (left) and not friction tested (right)
screws of type ZnNiB10.

Figure 32 shows a cross-sectional investigation of screw type ZnNiA10 in the SEM. The brighter material
in the centre of the picture is the zinc-alloy layer. Cracks are visible in the zinc-nickel layer of the
coating, which is to be expected according to literature. However, they are generally rather small and
seldom penetrate the full coating. Seeing as deeper and more distinct cracks are visible on BIB-polished
samples, it is possible that the sample preparation (grinding and polishing) has obscured the cracks
and defects in some way. No cracks are visible in the pure zinc layers.
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Resin

ZnNi

Steel

Figure 32 – Cross-sectional picture of the zinc-nickel layer of screw type ZnNiA10.

4.4 XRF
X-ray florescence measurement results show that the nickel content of the ZnNi type screws differ
between approximately 11 and 15 wt%, see Figure 33. For screw types ZnNiA and B, the smaller screw
dimensions seem to have a slightly higher nickel-content than the larger dimensions. ZnNiD16 have a
substantially higher Ni-concentration than the other screws.
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Ni-content
16,00
15,00
14,00
13,00
12,00
11,00
13,07

11,21

12,34

11,13

12,79

15,30

ZnNiA10

ZnNiA14

ZnNiB10

ZnNiB14

ZnNiC8

ZnNiD16

10,00

Figure 33 – XRF measurements of the nickel content of the ZnNi screw types. Standard deviation is marked.

The XRF zinc-nickel layer thickness measurements are in general in accordance with the measurements
from the LOM in point a. The numbers are not equal, but the trends and comparative sizes of the bars
remains the same.

Surface layer thickness on the side of the screw head
according to XRF measurements
25,00
20,00
15,00
10,00
5,00
0,00

ZnNiA10

ZnNiA14

ZnNiB10

ZnNiB14

ZnNiC8

XRF measurements

9,79

11,29

16,97

14,44

14,44

LOM measurements

9,84

9,87

18,19

17,17

15,80

Figure 34 – XRF measurements of the surface layer thickness of the ZnNi screw types. Standard deviation is marked.
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4.5 BIB
A SEM-EDS mapping of screw type ZnNiB14 in an area polished using BIB is displayed in Figure 35. Note
that the image is turned 180 °. The top-coat layer is clearly visible in as an enrichment in C and Si along
the surface of the coating. The Cr of the passivation seem to be present in the entire top-coat layer, as
opposed to just in a thin film between the top-coat and the zinc-nickel. This could be evidence of the
ability of the chromium to leach through the top-coat, acting as an inhibitor in the outer layer [26].

Figure 35 – 5 kV SEM-EDS mapping of coating layers on a BIB-polished area of screw type ZnNiB14. Si and C enrichment in
the outer layers indicate presence of an organic top-coat. Cr seem to be present in the entire top-coat, as opposed to just in
a thin layer below it.

A SEM-EDS mapping of screw type ZnNiA14 is displayed in Figure 36. This mapping reveals no trace of
organic top-coat in the form of C or Si enrichment in the outmost layers of the coating. It is likely that
the mapping was performed on an area that was lacking top-coat, as this screw type in the overhead
SEM-images displayed large areas of completely or partly lacking top-coat. There also seem to be
traces of titanium in the top layers of both ZnNiA and B.
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Figure 36 – SEM-EDS mapping of coating layers on BIB-polished area of screw type ZnNiA14. No significant Si and C
enrichment in the outer layers are visible in this image. It is likely that the BIB-polishing was performed on an area of the
screw that was lacking top-coat.

Figure 37 shows cross sectional images of the coating taken in SEM on BIB-polished samples of type
ZnNiA14, ZnNiB14 and ZnNiC8 at different magnifications (images rotated 180°). ZnNiA and B both
display porous base layer structures. The zinc-nickel layer of screw type ZnNiB14 is more uneven,
which is in accordance with previous results from the LOM and SEM. It also has more damages in the
form of cracks throughout the structure. ZnNiC8 displays a heavily damaged coating with large
sections of the coating broken off. This is likely due to sample preparation effects. Interestingly, the
same screw type sometimes displayed similar effects in SEM and LOM when mounted and polished
in a resin material at Scania. It is possible that this coating type is more sensitive to sample
preparation defects than the other ZnNi screw types.
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ZnNiA14

ZnNiB14

ZnNiC8

Figure 37 – Cross sectional BIB-polished SEM images of the surface layer on screw types ZnNiA14, ZnNiB14 and
ZnNiC8. The images are taken with different magnifications.
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4.6 GD-OES
The results of the GD-OES measurements display composition of the coating as a function of depth
from the surface. The average concentration of a selection of elements over a depth of 0-10 µm in the
coating layers is displayed in Table 4. All depth profile curves are available in Appendix 2
Table 4 - Average composition of a selection of elements over a depth of 0-10 µm in the coating system of screw types ZnNiA14,
B14, C8, Zn16 and ZnFe14.

Screw sample

C

O

Si

Cr

P

ZnNiA14 1

0.88

1.18

0.09

0.08

0.11

ZnNiA14 2

1.19

1.65

0.06

0.12

0.13

ZnNiB14

0.92

1.03

0.08

0.1

0.01

ZnNiC8 1

2.47

2.19

0.59

0.11

0.01

ZnNiC8 2

1.69

1.36

0.41

0.11

0.01

Zn16 1

3.56

4.59

2.4

0.09

0.05

Zn16 2

3.4

4.93

2.08

0.09

0.06

ZnFe14 1

0.68

1.44

0.03

0.38

0.18

ZnFe14 2

1.12

1.81

0.02

0.41

0.23

From these data, it is clear that the Zn16 screw types have a higher amount of C and Si in their coatings.
This could indicate a thicker top-coat layer, that are based on these elements. Though smaller, there
is also a difference in C and Si-content between the ZnNi types. ZnNiC8 seem to have a slightly higher
concentration of C and Si compared to ZnNiA14 and B14. Even though the latter only was measured
on one screw, the difference is quite large for Si, which makes it is likely that the ZnNiC8 screw has a
slightly thicker top-coat than the other ZnNi screw types.
The depth profile curves allow for measuring of coating thickness by investigating at what depth the
composition of certain elements rise or fall. For example, the thickness of a ZnNi layer can be estimated
by measuring at what depth the concentration of zinc becomes lower than the concentration of iron.
However, seeing as the values are averages over a large surface (around 12.5 mm2), and the thickness
of the different layers vary across the surface, the depth profiles are vague and the surface layer
thicknesses are not clearly distinguished. Therefore, the thickness of a coating layer was estimated as
the depth at which the maximum composition of the element was halved. If necessary, the estimated
depth of the outer layer was also subtracted. See Figure 38 for an example.
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Max wt%

Max wt%/2

Coating thickness
Outer layer
Coating depth
thickness

Figure 38 – Example of coating thickness estimation using GD-OES measurements.

The coating thickness measurements from the GD-OES measurements are displayed in Table 5. The
top-coat thickness measurements were based upon the concentration of carbon, and the zinc-alloy
layer thickness were based upon concentration of zinc. It is clear that the coating thickness varies a lot
from screw to screw when using this method. One possible explanation to this is that the screws had
letters and numbers written on the screw head in the form of indentations. If the sputtering was
performed on such a marking, the GD-OES measurements might show results that are not in
accordance with reality. Seeing as the values are varying so much, and no more than one or two results
are available for each screw type, it is hard to draw any conclusions from these measurements.
However, the method could be one of the few ways available to measure thickness of the top-coat
layer, and further experimentation with this method could provide interesting results.
It should be said that the concentration profile for C of Zn16 sample 1 was uneven, and that this have
influenced the estimated value for top-coat thickness on this sample. The concentration of carbon has
a local minimum close after 1 µm, after which it rises again. This means that the initial estimation of
top-coat thickness for this specific screw is likely erroneous. The real value is probably higher, and
closer to the value for sample Zn16 sample 2. The average composition of the coating systems also
shows increased levels of carbon and silicon for both Zn16 screw samples. With this in mind, the Zn16
screw types with certainty display higher values for top-coat thickness than the rest of the zinc-alloy
systems. This is also in accordance with results from the SEM-images.
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Between the ZnNi screw types, the difference in top-coat thickness between screw types is smaller
than the local variation within the same screw type. Without more measuring points, it is hard to say
that one screw type has a thicker or thinner top-coat layer than another from the depth profiles alone.
However, with the support of the average composition of C, it is likely that the ZnNiC screw types have
a slightly thicker top-coat than the other ZnNi screw types.
Table 5 – Coting thickness values obtained from the GD-OES measurements.

Screw type Sample

Top-coat
thickness in µm

Max wt% C/2

Zn-alloy layer
thickness in µm

Max wt% Zn/2

ZnNiA14

1

0.20

16.73

13.19

43.95

ZnNiA14

2

0.67

10.81

9.83

44.53

ZnNiB14

1

0.16

13.09

24.94

44.85

ZnNiC8

1

1.02

17.37

29.59

44.17

ZnNiC8

2

0.45

15.49

24.25

43.44

Zn16

1

0.52*

12.82

35.11

48.11

Zn16

2

3.09

10.58

30.98

48.27

ZnFe14

1

0.33

10.35

7.81

47.53

ZnFe14

2

0.33

13.07

19.74

45.97

*The concentration curve for C displayed a local minimum for this sample, making this estimation of
top-coat thickness lower than the actual value.

4.7 FTIR
The FTIR results from the ZnNiA, B and C screw types shows peaks from an acrylic polymer in the topcoat layer, together with peaks from silica particles and wax. ZnNiA also show peaks from phosphate
ions. This could mean that the top-coat on this screw is thinner, meaning a stronger contribution for
the chromium passivation. However, seeing as the top-coat is unevenly distributed, it is possible that
the measurement was performed on a local area with thinner top-coat, and it can therefore not be
said with certainty that the top-coat in general is thinner on this screw type. All spectrums are available
for inspection in Appendix 3
The top-coat on the pure zinc screws display peaks from a kind of epoxy polymer, also with silica
particles for inhibition. The spectra of the ZnFe14 screw shows strong peaks from metal oxides and
hydroxides, indicating a more pronounced passivation layer. Peaks from an organic layer is also
present, but no silica particles were detected.
The FTIR mapping measurements confirm the results from the SEM-EDS, that the top-coat is unevenly
distributed. Figure 39 shows an example of an FTIR mapping on the C=O stretch intensity (indicating
the acrylic polymer of the top-coat) done on the top of the screw head on screw types ZnNiA14,
ZnNiB14 and ZnNiC8. It is clear that the intensity of the signals varies across the surface of the sample.
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Figure 39 – FTIR map of an area (around 1 mm2) on the top of the screw head of screw type ZnNiB14.
Displayed is the C=O stretch intensity, indicating the presence of an acrylic polymer.
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4.8 Surface roughness test
Each screw type was measured on three specimens, (1, 2 and 3) and all three values for the different
surface roughness evaluation methods are displayed in Figure 40. Generally, the results differ a lot
from screw to screw, sometimes with as much as 200%. It is therefore hard to draw any conclusions
about correlations with other properties without more test specimens to assure statistical coverage.
The large difference from screw to screw could originate from the uneven distribution of the top-coat
on the screws. Seeing as the investigated distance is small (around 4 mm), the variation in top-coat on
some of the screws could mean that the measured area is positioned exclusively on a patch of topcoat, in an area lacking top-coat completely, or in the boundary between these. In order to get more
relevant results, more specimens should be tested and several measurements on the same screw
should be performed.
Screw type Zn10 was not included in the results. This was because the surface on one screw was too
fine for the Rk-values. Furthermore, one of the measuring results show values that are almost 10 times
higher than all of the other values. It is likely due to an error in the measurement. That leaves only one
valid measuring point for screw Zn10, and it was considered reasonable to exclude it from the
measurements altogether.
When plotting the average surface roughness numbers against friction, no apparent correlation is
found, except for the Rz-value against Al-Al friction where a weak positive correlation is found (Figure
41). This could indicate that the Rz-value has an effect on friction. However, seeing as the spread on
the surface roughness values is so big, and the sample size so small, it is hard to know if the average
values are representative of the whole population. The correlation could just be a coincidence, and
should not be taken as a truth without further studies.

48

Ra

Rk

1,4

Rz
9

2,5

8

1,2

2

7

1
0,8

1,5

0,6

1

6
5
4
3

0,4
0,5

0,2

2
1

0

0

Rpk

0

Rsm

Rvk

8

700

3,5

7

600

3

6

500

2,5

400

2

300

1,5

2

200

1

1

100

0,5

0

0

0

5
4
3

Figure 40 - Different surface roughness values for the tested screw types.

Rz against friction coeficient for Al-Al and for samples
ZnNiA10, ZnNiA14, Zn16, ZnNiB10, ZnNiB14 and ZnFe14.
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Figure 41 - Rz against coefficient of friction for Al-Al.
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4.9 Corrosion tests
Table 7 shows examples of a screws tested in the ACT chamber, and Table 6 - Corrosion rating values and
illustrates a common corrosion development for the tested fasteners. corresponding area percent corrosion
on the sample.
The initial corrosion is white corrosion, and appears first in the
controlled damages (punches), at the edges of the screw head and in Rp or Ra Area % corrosion
the lower parts of the screw that are closest to the ground. The
10
0.0
environment in the lower parts of the screw is generally more
corrosive, due to the fact that moisture and salt is accumulated there 9
0.1
during raining. For this reason, corrosion in this part of the screw is
0.25
not evaluated according to STD 4319. However, discussions are 8
ongoing about whether or not this is a valid argument for excluding
7
0.5
this area in corrosion tests. Care should therefore be taken when
assessing the corrosion values that local corrosion in the lower parts 6
1
of the screw are noted.
5
2.5
The corrosion rating (Rp for red rust and Ra for white corrosion) is a
5
scale from one to ten, where 10 represents 0 area% corrosion, and 1 4
50 area% corrosion. Table 6 shows a table over all the corrosion
3
10
ratings and their corresponding area % corrosion.
25
After some time, (usually 4 - 6 weeks) red rust starts to appear also 2
in the punches, edges of the screw head and lower parts of the flange.
1
50
Both the red and white corrosion spreads and grows as time passes.
The trend for increasing red corrosion with time is shown in Figure
42. After 8 weeks of ACT, only one screw is completely free from red rust (ZnNiB14). The red corrosion
rating (Rp) for the ZnFe14 screw is surprisingly higher after 8 weeks than after 6 weeks. This is probably
due to a phenomenon where the red rust is mixed with the white corrosion. When the white corrosion
then grows and runs down the side of the screw with the rain, the red colour of the red rust dilutes
and runs with it. This will give an impression of the red rust being bigger than it actually is. ZnFe14 in
Table 7 shows an example of this. Once the real red rust has reached the surface and penetrated the
white corrosion, it is easier to distinguish from the diluted white corrosion. This can make it appear
smaller than before.
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Table 7 - Example of corrosion on punched screw of types Zn10 ZnFe14 and ZnNiA10 after 3, 4, 6 and 8 weeks of accelerated
corrosion testing.

3 weeks

4 weeks

6 weeks

8 weeks

Zn

ZnFe

ZnNiA

Red corrosion rating (Rp) after 4, 6 and 8 weeks in ACT
11
10
9
ZnNiA10
ZnNiA14

Rp

8

ZnNiB10
7

ZnNiB14
ZnFe14

6

Zn10
Zn16

5
4
0 weeks

4 weeks

6 weeks

8 weeks

Weeks in accelerated corrosion test-camber
Figure 42 – Average red corrosion rating (Rp) after 4, 6 and 8 weeks of ACT. Screws are set to be free from corrosion (Rp 10)
at the initiation point of the test (0 weeks). The displayed values are for undamaged screws, and the same trend can be seen
for punched and friction tested screws.
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The full results for all tested screws are displayed in Figure 43 – Figure 46. The values marked ZIB is a
zinc-iron based system with a Cr(III) passivation. It was not tested for any other parameters than
corrosion. The values from the nine or six test specimens are averaged, and the standard deviation is
marked to indicate how much the values differ within screw types. The zinc-iron coating systems are
clearly performing worse than the zinc-nickel based coatings, both in white corrosion and red
corrosion. This is in accordance with what previous literature on the subject has stated.
The pure zinc screws are performing better than the zinc-iron screws. In the case of red rust, they are
according to standard measurement methods almost as good as the zinc nickel systems after four
weeks. However, the pure zinc systems are much more susceptible to localized corrosion at the lower
parts of the flange, where large patches of both white and red rust are visible fairly early. The zinc
nickel systems show almost no increase in corrosion in these areas. Seeing as this area is not evaluated
in the assessment, the effect is also not visible in the statistics. This should be kept in mind when
assessing the results, and if this factor was to be included in the assessment, the corrosion ratings for
the pure zinc screws would be lowered at least on step, perhaps more. They also display much more
white corrosion than the zinc-nickel at longer exposure times. This is due to the fact that the white rust
spreading effect from the controlled damages are bigger on the pure zinc screws than the zinc-nickel
systems. White rust is not evaluated at times longer than three weeks according to STD 4319, and it is
therefore not visible in the measured values.

Figure 43 - Average Ra value after three weeks of ACT.
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Figure 44 - Average Rp value after four weeks of ACT. *The values for the Zn-coatings are actually lower than what is seen in
this plot, due to very strong local corrosion effects in the lower part of this screw type that are not evaluated in standard
assessments.

Figure 45 - Average Rp value after six weeks of ACT. *The values for the Zn-coatings are actually lower than what is seen in
this plot, due to very strong local corrosion effects in the lower part of this screw type that are not evaluated in standard
assessments.
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Figure 46 - Average Rp value after eight weeks of ACT. *The values for the Zn-coatings are actually lower than what is seen
in this plot, due to very strong local corrosion effects in the lower part of this screw type that are not evaluated in standard
assessments.

Some of the friction tested screws show a slightly worse performance in
the white rust values, but the effect is small. Seeing as the visual
assessment is quite inaccurate, the variations could be due to bad visual
estimations. However, if the results are to be trusted, the change could also
be due to the fact that the top-coat and/or the passivation layer is damaged
during tightening of the screw, while the underlaying zinc-nickel remains
intact. Seeing as the main purpose of the passivation and top-coat is to
protect the zinc-alloy layer from white rust, a damage in these layers would
yield an increased fraction of white rust, while not affecting the red rust
susceptibility to any large degree. The top-coat and passivation are also
softer than the zinc-alloy, and some kind of damage to them is therefore
likely, even though it might be small and local. In red rust, no meaningful
difference can be found between undamaged and friction tested screws. In
any case, the effect of tightening on corrosion resistance of the screw head
is small, or non-existent.
It should be mentioned that the corrosion on the threaded part of the
friction tested screws differ substantially from the undamaged screws for
many of the screw types. This is probably due to the fact that these areas
are exposed to high frictional forces during tightening, which damages the
outer, and maybe also inner layers of the surface coating. However, these Figure 47 – Example of
areas are not evaluated according to STD 4319, so this effect is not visible corroded thread on friction
tested screw of type Zn16.
in the results.
For ZnNiB, and in part also ZnNiA, the size of the screw does seem to have an effect on the corrosion
resistance. ZnNiB10 has a lower Rp than ZnNiB14 in all weeks evaluated. There is a difference for the
ZnNiA screw types as well, but the effect on this screw type is small, and could as well be originating
from the evaluation error. The LOM investigations done in the edge of the screw show that the smaller
screws are more prone to wear on the edges for the ZnNiB type. However, this is not the case with the
ZnNiA screw types. The ZnNiB is the screw type with the largest difference between screw sizes, and it
is likely that this has a correlation with the more worn edges.
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The surface layer thickness possibly correlates with corrosion resistance for the ZnNi screw types.
When plotting layer thickness against corrosion resistance, a second-degree polynomial function with
a maximum around 12-15 µm arise (see Figure 47Figure 48 and Figure 49). However, seeing as not all
variables are controlled, more data points is needed in order to verify this correlation. For example,
differences between suppliers that are not controlled (number of cracks/pores in the zinc-nickel layer
or thickness/composition of the passivation layer) could have an influence on corrosion resistance. For
this reason, supplier and dimension can be distinguished in the plots.
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Figure 48 - Corrosion resistance (Ra and Rp) for undamaged screws as a function of base layer thickness for all ZnNi type
screws except ZnNiD16. The values seem to indicate an optimal layer thickness of around 12-15 µm.
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Surface thickness (XRF) vs corrosion
rating after 6 weeks of ACT
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Figure 49 – Corrosion resistance (Ra and Rp) for undamaged screws as a function of base layer thickness for all ZnNi type
screws except ZnNiD16. The values seem to indicate an optimal layer thickness of around 12-15 µm.

When plotting corrosion resistance against Ni-content (Figure 50) there seem to be a connection
between the red corrosion protection rating and Ni-content, where screws with a lower Ni-content
(around 11 wt%) shows a higher protection rating than the screws with a Ni-content > 12 wt%. These
screws are also the screws with a larger dimension (M14), which means that the Ni-content is a
possible explanation to the slightly better corrosion resistance for the larger dimensions. To conclude,
corrosion resistance is a property that is affected by many factors, and drawing clear conclusions about
what affects corrosion the most is hard.
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Figure 50 – Corrosion protection rating (Ra and Rp) vs Ni-content for ZnNiA, ZnNiB and ZnNiC screw types.

4.10 Friction tests
The results from the friction tests are presented in Figure 51. Note that the tests were not performed
entirely according to Scania’s standard (e.g. n=10 as opposed to n=20), and should therefore not be
used as guidelines for choice of surface treatment or other verification studies. Neither should the
measured values be compared with values tested according to Scania standard by other parties.
However, the tests in the study are performed in the same way internally, and can therefore be
compared with each other.
The ZnNiB14 and ZnNiB10 type screws display higher coefficients of friction than the ZnNiA10 and
ZnNiA14 type screws. These are also the screws that are displaying a more uneven surface structure in
the SEM. It is possible this factor is affecting the coefficient of friction negatively, and that the rough
surface increases the friction towards the mating material by tearing and getting stuck in defects in
the mating material.

57

The SEM images of the friction-tested screws showed that the top-coat on the under-side of the screw
head had been smeared out and accumulated in the edges during tightening. This means that the initial
distribution of the top-coat under the head likely is of little importance from a friction perspective, as
the layer is quickly deformed and made uniform by the forces of the tightening. That is not to say that
the amount of top-coat does not affect the friction, but the BIB and GD-OES measurements were not
conclusive enough to draw any conclusions about the amount of top-coat on the friction tested ZnNi
screws (ZnNiA and B).

Coefficient of friction
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ZnNiA10

0,14 0,10

ZnNiA14
Steel/Steel

0,14 0,26 0,15

ZnNiB10
Al/Al

0,22 0,11

ZnNiB14

0,24 0,11

ZnFe14 (CrVI)

Powder/Steel

Figure 51 - Coefficient of friction for Al-Al and Pw-St for screw types ZnNiA10, ZnNiA14, ZnNiB14, ZnNiB10 and ZnFe14. Also
marked are the maximum and minimum allowed values for friction coefficient against Al-Al and Pw-St according to STD
4419.

The ZnNi type screws with higher friction coefficients (ZnNiB) also show thicker ZnNi coating layers in
LOM and XRF. When plotting the surface layer thickness against the friction for ZnNi and ZnFe type
screws, a positive relation is found (Figure 52). It is possible that the zinc-alloy layer thickness is a factor
that is affecting friction, perhaps by lowering the tolerance in the threads and increasing the contact
area. However, it is also possible that the thicker layers are more likely to have uneven surfaces (like
ZnNiB type screws), and that this in turn affects the friction. The correlation is weaker for the Pw-St
friction coefficient than the Al-Al, likely due to the fact that the Pw-St friction coefficient is more precise
between measurements, and affected less by the properties of the coating.

58

Surface layer thickness from XRF against friction coeficient for
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Figure 52 – Surface layer thickness against friction for ZnNi screw types.

4.11 Conductivity tests
The conductivity test results are presented in Figure 53, with the average, maximum and minimum
values are plotted, and with the standard deviation marked. The ZnNiA screw types display higher
values for resistance than the ZnNiB screw types. ZnFe14 displays an average value that is quite close
to the ZnNiB14, but with a slightly lower maximum value and a lower spread. The Zn10 displays
surprisingly low resistance values, seeing as the SEM images indicated a thick and non-conductive topcoat on this screw type. It is possible that the top-coat is deformed during assembly to a high enough
degree for it to not affect the conductivity at all, or that the top-coat of the Zn-screw type is modified
in some way to allow a better conductivity through the organic layer.
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Figure 53 -Electrical conductivity of six different fastener types. The average value is displayed, along with the standard
deviation and maximum and minimum measured values.
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The ZnNiA displays higher resistance than ZnNiB. The ZnNiA also displays a lower friction and a
smoother surface in the SEM. It is possible that these properties are related. Figure 54 shows a plot of
resistance versus friction for the screw types of dimension M14 and M10 (only screws of equal
dimension may be compared in terms of resistance). From the three points available for M14, a clear
negative correlation is observed. This trend is present in the M10 dimension as well, even though only
two points are available for that dimension, since Zn10 was not tested for friction. The statistical
certainty of the test results is rather low, and in order to with certainty claim a correlation, more tests
should be conducted on screws from the same batch. Assuming the obtained test results are valid
however, it is likely that the same factors that are affecting friction negatively, are affecting resistance
positively. For example, it can be speculated that a rough surface will increase the friction of the screw,
while also lower the resistance by providing more contact points between the surfaces.

Resistance (mΩ)

Al-Al

M10

M14

Coeficient of friction (Al-Al) (-)
Figure 54 - µtot for Al-Al vs R for tested screws of dimension M10 and M14.

Like the friction coefficient, the conductivity has a correlation with the surface layer thickness. Seeing
as the friction and resistance are inversely proportional, it is no surprise that the resistance shows a
negative correlation with surface layer thickness.
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Figure 55 - Coating thickness vs resistance for M14 screws of coating type ZnNiA, ZnNiB and ZnFe and M10 screws of coating
type ZnNiA and ZnNiB.
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5 Conclusions
The structural, morphological and chemical properties of several different zinc-alloy coatings on
fasteners have been investigated. The methodology for characterization of the sub-layers of the
coatings have been evaluated for future reference. Functional properties (corrosion, friction and
conductivity) have also been measured, and correlations have been investigated. From the results of
this study, the following conclusions can be drawn:
Morphology and microstructure:
•

•

There is a large difference in base layer structure and thickness between screws with a zincnickel alloy base layer. The difference can depend on either the surface treatment company
alone, or both the surface treatment company and the supplier of chemicals. Differences are
clear between screws with the same supplier of chemicals. There is also a difference between
screws with different supplier of chemicals, but they also have different surface treatment
companies, so it is impossible to say which of the factors caused the difference in this case.
The top-coat is in many of the screws unevenly distributed. Most screws show a varying
thickness of the top-coat over the surface of the head, and sometimes there are areas lacking
top-coat completely.

Corrosion:
•

•
•
•

The five ZnNi type screws tested for corrosion resistance seem to indicate that corrosion
resistance is best in a interwall between 12 and 15 µm coating thickness. However, seeing as
not all variables are controlled, further measurements are needed in order to verify this
correlation.
Defects and damages to the coating on the edges of the screw head affect corrosion
negatively, and it is in these points corrosion is often initiated.
Friction testing does not, or to a very small degree, affect corrosion resistance of the screw
head, but to some or a large degree on the threaded part of the screw.
White and red corrosion spreading effects from controlled and uncontrolled damages are
smaller for ZnNi type screws compared to ZnFe or Zn. In general, ZnNi are performing better
than the Zn and ZnFe, and Zn screws are sensitive to local corrosion in the lower parts of the
screw even though this is not assessed in the corrosion data.

Friction:
•

•

•

The base layer surface structure of the ZnNi screws seen in SEM likely correlates with the
frictional properties of the screw, based on the four ZnNi screw types that were friction tested.
A screw with a rough surface structure displays a higher friction coefficient.
Friction is higher for screws with a higher coating thickness for the four ZnNi screw types and
the ZnFe screw that was friction tested. It is unclear whether this is due to the coating thickness
itself, or that a thicker coating is more likely to have a rough surface, that in turn affects the
friction coefficient of the screw.
The distribution of top-coat does not appear to affect the friction coefficient of the screw
considerably, seeing as the top-coat is thoroughly deformed during tightening. The amount of
top-coat might affect friction, but no valid measurements of this variable for the ZnNi-screws
with sufficient statistical coverage were obtained during the study.
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Conductivity:
•

•

The screws with the highest friction is also the screws with the lowest resistance, and it is likely
that some of the factors that affect the friction also affect resistance. For example, the rougher
surface zinc nickel base layer gives a higher conductivity, thanks to the protruding “hills” that
can increase contact area between the screws and perhaps also act as bridges between the
screw and the mating material where no contact was before.
The Zn-screw with the thickest top-coat layer also displayed the lowest resistance. This could
mean that either the thickness of the top-coat is irrelevant to conductivity, or the Zn-screws in
this study had a conductive top-coat.

Methodological conclusions:
•

•

•

•

In general, overhead SEM images complemented by EDX mappings is a very powerful way to
examine the structure and appearance of the topmost layers of the coating. Varying the
acceleration voltage together with EDX-mapping can give an idea of the thickness and
distribution of the top-coat.
The top-coat and passivation layers are not visible in the SEM cross-sectional images using
normal mounting and mechanical polishing methods. This is likely due to a “curl over” effect,
where the metallic base layer is deformed and curled out over the thinner and softer coating
layers during grinding and polishing.
Surface roughness values varies strongly from screw to screw within the same batch, and a
large number of measurements is necessary to draw any conclusions from such
measurements. The surface roughness measurements do not reflect the visual estimation of
surface roughness done in SEM or LOM. This is likely due to the uneven distribution of topcoat.
GD-OES and BIB-SEM are good ways of investigating the top-coat thickness of zinc-alloy
coatings. However, the thickness of the top-coat is uneven, both within one screw and
between screws, so a large sample size is required in order to get significant results. These
methods are both expensive, making the investigation of the top-coat thickness hard.
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6 Recommendations for further work
•

•

•

•

Further investigations on the cause of the varying base layer structure and thickness of the
ZnNi type coatings is recommended. This work is extensive, and could probably be another
master thesis entirely (perhaps in collaboration with one of the suppliers). The cause of the
damaged coating on the corners of the screws could also be looked deeper upon.
Further investigations of appropriate metallographic preparation methods to enable seeing
the top-coat and passivation layers in the SEM cross-sectional images is recommended.
Suggestions include mounting two surfaces in close contact with each other and fixing them
with some kind of spring clamp, or finding a harder resin that can prevent the “curl over”
effect.
Further investigations on the top-coat and how it can effectively be removed is recommended.
Being able to remove the top-coat entirely would allow for more effective evaluation of the
surface structure of the underlying zinc-alloy, for example by surface roughness measurements.
Further investigations of the threaded part of the screw in the SEM is also recommended. This
is an area that hopefully can tell a lot about the frictional and conductive properties of the
screw.
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Appendix 1: SEM Images
All SEM Images are taken on the top of the screw head as seen in Appendix figure 1. Unless otherwise marked with a red
rectangle, the magnified images are taken exacly in the middle of the lower magnification images.
Appendix figure 1 – SEM images
are taken on the top of the
screw head.
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Appendix table 1 – Overhead SEM images on the top of the screw head of screw type ZnNiA10.
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Appendix table 2 – Overhead SEM images on the top of the screw head of screw type ZnNiA14.
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Appendix table 3 – Overhead SEM images on the top of the screw head of screw type ZnNiB10.
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Appendix table 4 – Overhead SEM images on the top of the screw head of screw type ZnNiA10.
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Appendix table 5 - Overhead SEM images on the top of the screw head of screw type ZnNiC8.
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Appendix table 6 – Overhead SEM images on the top of the screw head of screw type ZnNiA10.
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Appendix table 7 – Overhead SEM images on the top of the screw head of screw type ZnNiA10.
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Appendix table 8 – Overhead SEM images on the top of the screw head of screw type ZnNiA10.
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Appendix table 9 – Overhead SEM images on the top of the screw head of screw type ZnNiA10.
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Appendix 2: GD-OES
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Appendix 3: FTIR spectra
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