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ABSTRACT 
 
Titanium alloys were for a time believed to be highly resistant to environmentally 
assisted cracking because of their ability to form a protective oxide film on the surface. 
Their resistance can still be considered to be high, but when cracking resistance was 
originally defined to ensure reliable functionality of fracture-critical components, 
certain conditions that promote cracking were discovered. One of the environmental 
assisted cracking processes relevant to titanium alloys is solid metal induced 
embrittlement (SMIE). SMIE refers to the embrittlement that occurs in normally 
ductile materials under tensile stress in contact with solid metals with a lower melting 
temperature than titanium. Even though failures resulting from SMIE are rare, they do 
occur, partly because the industry is not aware of conditions under which SMIE may 
exist. Titanium alloys are frequently used in the aerospace industry where solid copper 
contact can be found in for instance, welding electrodes and fixtures in various 
manufacturing processes. The main scope of the present work has been to clarify the 
effect of copper in contact with titanium alloys with respect to SMIE and further to 
increase the understanding of SMIE. Three titanium alloys: Ti-8Al-1V-1Mo, Ti-6Al-
2Sn-4Zr-2Mo and Ti-6Al-4V have been evaluated in contact with copper, and in 
contact with gold for comparison.  
 
In order to be able to evaluate SMIE, a U-bend test method adapted from an 
aerospace recommended practice for stress-corrosion cracking (ARP SAE 1795A) was 
modified for SMIE evaluation. The acceptability of the test method was successfully 
established by using reference specimens that were intended to crack (or not to crack) 
when in contact with the embrittling environment. The results of the SMIE tests 
show that both Ti-8Al-1V-1Mo and Ti-6Al-2Sn-4Zr-2Mo are susceptible to SMIE 
in contact with copper and gold, whilst no SMIE was observed with Ti-6Al-4V. 
Based on these findings it is suggested that the SMIE susceptibility of titanium alloys is 
dependent on alloy composition. Furthermore, resistance welded Ti-8Al-1V-1Mo and 
Ti-6Al-2Sn-4Zr-2Mo were evaluated to investigate whether the presence of copper 
electrodes, (the welding operation itself ) could lead to SMIE. No SMIE was found in 
the resistance welded specimens, which may be explained by the short time that the 
copper electrodes were in intimate contact with the titanium alloy, the magnitude of 
residual stresses after welding, or both, which were too low to initiate SMIE. In order 
to obtain a better understanding of the crack path characteristics and the mechanisms 
involved, one U-bent specimen showing SMIE (Ti-8Al-1V-1Mo with copper) was 
selected for further examination using electron backscatter diffraction (EBSD). The 
EBSD results indicated a preferable crack propagation path along high angle grain 
boundaries, which supports the suggested adsorption mechanism of the embrittling 
species at the crack tip. A tendency for favourable crack growth along grain 
boundaries adjacent to grains oriented close to [0001] in the crack direction could also 
be seen, which indicates that there is a connection between the SMIE crack 
characteristics and the crystallographic orientation.  
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1  INTRODUCTION 
 
Titanium was discovered in 1790. It is the ninth most abundant element and the 
fourth most abundant metal in the Earth’s crust. Even though titanium is plentiful, the 
use of titanium alloys is limited by its relatively complex and thus expensive 
production route, which also partly explains why titanium alloys were not widely used 
until the 1950s. Titanium alloys are known not only for their high strength-to-weight 
ratio, but also for their excellent corrosion resistance and biocompatibility. These 
properties make titanium alloys particularly attractive for medical devices such as 
implants, and for aerospace components, and also for more exclusive sports goods such 
as golf clubs, climbing gear etc.  
 
Of all the titanium produced in the late 1980s, 70-80% was used in the aerospace 
industry [1]. In 2009 its use in aerospace was estimated by MetalMiner™ to have 
fallen to around 50% [2] but this is because of increasing demand from other 
industries. In commercial aircraft, titanium alloys are found primarily in the jet engine, 
but also in the airframe.  Figure 1 shows a comparison with other commonly used 
materials in aircraft.  
 

 
The trend in the aerospace industry is for many traditional metals to be replaced with 
CFRP (carbon fibre reinforced polymers) [4]. The main reason for this is weight 
reduction and thereby lower fuel consumption: a reduction of 10% allows the payload 
of a Boeing 747 to be increased by 10 tons [3]. Consequently the use of traditional 
structural metals is limited by their poor strength-to-weight ratio. Titanium alloys on 

 
 

Figure 1. Distribution of aluminium, titanium, steel, nickel-based superalloys and CFRP 
(carbon fibre reinforced polymers) by weight in the airframe and jet engine of a large commercial 
aircraft [3]. 
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the other hand, which are about half as dense as steel and exhibit high strength and 
toughness, overcome this limitation and are often used as substitutes for steels and Ni-
based super-alloys (lower density) and for aluminium (higher strength). Over the past 
50 years the use of titanium alloys in Boeing’s aircraft has increased by 15% [4].  
 
Applications within the aerospace industry demand reliable component functionality. 
It is of the utmost importance to produce alloys of correct composition, and to avoid 
environments that might be detrimental to mechanical properties. One important 
environment to consider is contact with foreign metals, especially those with lower 
melting temperatures than titanium alloys, since such contact could lead to metal 
induced embrittlement. There are two types of metal induced embrittlement: liquid 
metal embrittlement and solid metal induced embrittlement, which depend on the 
nature of the embrittling metal (solid or liquid) [5-8]. In the aerospace industry, 
embrittlement is prevented in several ways, and before a process route is decided any 
risks for embrittlement need to be clarified.  
 
Volvo Aero Corporation initiated this work to evaluate the influence of copper on 
embrittlement of titanium alloys. Solid copper is used in welding electrodes and 
fixtures in manufacturing processes in the aerospace industry. During resistance 
welding titanium alloys are in intimate contact with copper electrodes that resistively 
heat the titanium alloy work-piece to the required welding temperature under 
pressure. Furthermore the electrodes degrade during the welding process, resulting in 
wear debris, which could attach to the surface and lead to embrittlement in service or 
during subsequent heat treatment.  
 

1.1 Aim and objectives 
The aim of the present work is to increase the understanding of solid metal induced 
embrittlement of titanium alloys, and in particular to study the influence of solid 
copper on this phenomenon. The objectives of the present project were as follows: 
 

• To adapt or develop a suitable test method to study solid metal induced 
embrittlement (SMIE) of titanium alloys. 

• To investigate the influence of solid copper in contact with Ti-6Al-4V, Ti-6Al-
2Sn-4Zr-2Mo and Ti-8Al-1Mo-1V on SMIE. 

• To evaluate the risk of promoting SMIE when copper resistance welding 
electrodes are used with titanium alloys. 

• To evaluate the crack propagation path of SMIE with respect to grain 
boundaries and crystallographic orientation. 
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1.2 Appended papers 
This thesis comprises an introduction to and a review of the research field of solid 
metal induced embrittlement of titanium alloys, and the following appended papers: 
 
Paper A: Solid metal induced embrittlement of titanium alloys in contact 

with copper 
   

Pia Åkerfeldt, Robert Pederson and Marta-Lena Antti 
 

Proceedings of The 12th World Conference on Titanium (Ti2011), Beijing, 
China, 19-24 June 2011 

 
 
Paper B: Investigation of the influence of copper welding electrode on 

Ti-8Al-1Mo-1V and Ti-6Al-2Sn-4Zr-2Mo with respect to solid 
metal induced embrittlement 

 

 Pia Åkerfeldt, Robert Pederson and Marta-Lena Antti 
  

 Proceedings of 6th EEIGM International Conference on Advanced Materials 
Research, Nancy, France, 7-8 November 2011 

 
 
Paper C: The effect of crystallographic orientation on solid metal induced 

embrittlement of Ti-8Al-1Mo-1V in contact with copper  
 

 Pia Åkerfeldt, Robert Pederson, Marta-Lena Antti, Yiming Yao and Uta 
Klement 

 

 To be submitted 
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2    BACKGROUND 
 
In this chapter background information and the theory underlying the current work is 
presented. A short introduction to titanium manufacturing, alloy classification, and 
spot and seam welding is given, as well as a literature review with its main focus on 
solid metal induced embrittlement. 
 

2.1 Titanium alloys 
Among all metals, titanium exhibits the highest strength-to-weight ratio at 
temperatures up to 550°C. Titanium alloys are distinguished by their low weight 
(density): about 45% and 50% that of iron and nickel, respectively. The only 
engineering metals that are lighter than titanium are aluminium, magnesium and 
beryllium, but with respect to mechanical properties, none of these metals comes close 
to titanium. On the other hand, titanium alloys are expensive; titanium is about 30 
times more expensive than steels and about 6 times more expensive than aluminium 
[9]. The high price can be explained by the complex manufacturing route and the 
high reactivity of titanium with oxygen, which means that the production of titanium 
must be carried out in vacuum or under inert gas. However, the high reactivity with 
oxygen underlies a beneficial property of titanium, namely its corrosion resistance. A 
thin protective oxide film will instantly form on a titanium surface when exposed to 
air, which gives titanium its high corrosion resistance [10]. A comparison of the 
properties of titanium alloys compared with iron, nickel and aluminium alloys is given 
in Table 1. Other properties that distinguish titanium are its low thermal and electrical 
conductivity, high ductility and fracture resistance, and its biocompatibility [9].   
 
Table 1. Basic properties of titanium alloys compared with iron, nickel and aluminium alloys 
[10].  

 

 Ti Fe Ni Al 
     

Melting temperature [°C] 1670 1538 1455 660 
Density [g/cm3] 4.5 7.9 8.9 2.7 
Yield stress level [MPa] 1000 1000 1000 500 
Comparable corrosion resistance Very high Low Medium High 
Comparable reactivity with oxygen Very high Low Low High 
Comparable price of metal Very high Low High Medium 
     

 

2.1.1 Manufacturing process  
The properties of titanium are strongly influenced by the microstructure, which 
depends on the manufacturing process and several factors that affect the final product, 
such as alloying additions, impurities, mechanical working and melting processes, heat 
treatments and fabrication. As a consequence, the condition of each process step must 
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be carefully adjusted and controlled to achieve the required properties and quality of 
the final product.  The manufacturing process can roughly be divided into the 
following steps: production of titanium sponge, purification of sponge, melting of 
sponge together with alloying additions (if required) to an ingot, primary fabrication 
from ingot to mill products (bar, plate, sheet, strip, wire etc.), see Figure 2. 
 

 
 

 
 

Figure 2. Overview of the titanium manufacturing process [1].
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The raw material is produced from rutile ore (TiO2) or ilmenite (FeTiO3), which is 
chlorinated into titanium tetrachloride (TiCl4) and then reduced into elemental 
titanium by magnesium (Kroll’s process) or by sodium (Hunter’s process) [1]. Today 
Kroll’s process is the most frequently used, mainly because magnesium is more cost 
competitive [10]. There are several elements that even in small amounts can affect the 
properties of a titanium alloy and hence it is important to control the types and 
amount of impurities in the raw material. The presence of brittle titanium oxide could 
for instance, if retained through the melting processes, promote crack initiation in the 
final component. The most common residual elements in titanium sponge are 
nitrogen, oxygen, silicon, carbon and iron. Available melting techniques today remove 
detrimental residuals efficiently and regardless of the sponge production method used, 
ingots of high quality can be produced. 
 
Vacuum Arc Remelting (VAR) has been the standard method for ingot production 
since the commercial introduction of titanium alloys, see “double melting” in Figure 
2. The melting process is suitable for environmentally sensitive alloys in which melting 
and solidification can be carefully controlled and reproduced. In VAR a cylindrical 
electrode of appropriate composition is melted by an arc in vacuum and subsequently 
solidified in a water-cooled crucible. The electrodes are compacted aggregates, i.e. 
briquettes of sponge and alloying elements. In alloy production small pieces of sponge 
are mixed and blended with alloying material and then pressed into a briquette. The 
briquettes (which could also be made of carefully chosen reclaimed titanium scrap 
material) are welded together into a long electrode (up to 4.5 m), which is lowered 
into the VAR. Traditionally a double consumable-electrode VAR process is used, in 
which the electrode is melted twice to ensure homogeneity in the resulting ingot. The 
ingot from the first sequence is used as the electrode in the second melting stage [1].  
 
Another newer melting method is Cold Hearth Melting (CHM), which has 
advantages over the VAR process when producing high quality titanium. CHM is 
accomplished by using a water-cooled copper vessel containing molten titanium and a 
heat source (plasma arc or electron beam) the energy of which is balanced against the 
heat extracted from the water-cooled copper hearth. Thus a skull (a thin layer of solid 
titanium) is in contact with the copper hearth, whilst the molten titanium is in contact 
with the solid titanium alloy, preventing contamination by the hearth. Moreover it 
allows direct casting to slabs and bars, which are more suitable (cost competitive) than 
round ingots for conversion into flat mill products.  
 
Primary fabrication from ingot to mill products starts with an initial working operation 
in which the round ingot is converted to a square or a round cornered square piece in 
a forging press, as so called the “bloom” in Figure 2. The subsequent fabrication steps 
depend principally on the shape of the product to be formed, e.g. billet, plate, sheet or 
bar. The billet is usually used as input material in forging and for ring rolling. Plate 
and sheet are flat rolled to a thickness greater than or less than 25 mm, respectively. 
The bar can be shaped into various forms, e.g. round, square or another desired shape. 
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Electrodes for subsequent casting processes are cut to required lengths and diameters 
and remelted by a casting producer [10]. 
 

2.1.2 Alloy classification 
Titanium is an allotropic element, which means that it can exist in more than one 
crystallographic form. At room temperature, commercially pure (CP) titanium has a 
hexagonal close-packed (hcp) crystal structure, also referred to as the “alpha” phase of 
titanium. At 882°C the alpha phase transforms into the “beta” phase that has a body centred 
cubic (bcc) crystal structure. With respect to these two phases, titanium alloys can be 
grouped into different categories depending on the crystal structure of the alloy composition 
favoured at room temperature: alpha alloys, near-alpha alloys alpha-beta alloys and beta 
alloys. Depending on alloy composition, the alpha and the beta phases can be stabilised at 
high and low temperatures, respectively. The most common alloying elements and their 
stabilising effects on the alpha and beta phases are shown in Figure 3. 
 

 
Commercially pure (CP) titanium alloys are the weakest titanium alloys but they exhibit 
the best general corrosion resistance and are also the most weldable. With small 
additions of alloying elements, notably interstitial elements such as oxygen and 
nitrogen, CP titanium alloys can be strengthened by heat-treatment and processing at 
temperatures at which the alloy exists in two phases (alpha and beta).  
 
Alpha and near-alpha alloys have relatively high amounts of alpha stabilisers, usually 
aluminium, and only small amounts of beta stabilisers. Their high creep resistance in 
comparison with other titanium alloys characterise alpha and near-alpha alloys, and 
consequently they are preferred for use in high-temperature applications. Since alpha 
alloys contain only a single phase (all alpha or almost all alpha), irrespective of 
temperature, they cannot be heat-treated to improve mechanical properties, which is 
why near-alpha alloys were developed. In near-alpha alloys small amounts of beta 
stabilising elements are added to make the alloy heat-treatable to some extent. 
However, even small amounts of the beta phase present in the microstructure during 
processing are retained after heating and cooling, giving properties similar to those of 

 
 

Figure 3. Alloying elements and their stabilizing effects on the alpha and beta phase [10]. 



BACKGROUND 

 9 

alpha alloys. As with CP alloys, alpha alloys also possess exceptional weldability, which 
is explained by their insensitivity to heat-treatment. Their forgeability on the other 
hand is poor, mainly because of the narrow temperature range that exists for forging 
below the beta transition temperature, which leads to a higher tendency for surface 
cracks and centre bursts. Consequently, the forging process involves several reheating 
steps to avoid such cracking phenomena [1]. Another disadvantage with alpha alloys is 
their poor resistance to stress-corrosion cracking. It has been shown that alpha 
stabilisers such as aluminium and oxygen increase susceptibility to stress-corrosion 
cracking [11]. 
 
The alpha-beta alloys contain both alpha and beta stabilizing elements. They are 
distinguished by their superior combination of strength and ductility. As the alpha-
beta alloys are heated, a significant amount of beta phase is formed; the specific 
amount depending on the amount of beta stabilisers present and the processing 
conditions. A number of different microstructures can be generated for alpha-beta 
alloys by adjusting the thermo-mechanical processing parameters. Alpha-beta alloys are 
often solid solution strengthened: the resulting strength depends on alloy composition, 
temperature, cooling rate and on the subsequent ageing process. Consequently the 
conditions and process parameters must be selected carefully to produce the 
microstructure and thus mechanical properties desired. In order to improve creep 
properties, certain alpha-beta alloys have been precipitation hardened by adding silica, 
which precipitates and creates deformation barriers in the structure [1]. The stress-
corrosion cracking susceptibility of alpha-beta alloys is dependent on the structure of 
the alloy (the amount of alpha phase) but is in general lower than that for alpha alloys. 
This is explained by the presence of the beta phase, which has been shown to increase 
stress-corrosion cracking resistance [11].   
 
Beta alloys are metastable, which means that they transform into a pseudo equilibrium 
structure, which has higher free energy than the true equilibrium state. Beta alloys 
contain a relatively high amount of beta stabilisers and less alpha stabilisers than alpha-
beta alloys. Beta alloys are characterised by their hardenability; the major advantages 
with beta alloys are their forgeability and cold-workability in solid solution treated 
conditions [1]. Another characteristic of beta alloys is that they do not form martensite 
upon rapid cooling from the beta phase [10]. The strength of beta alloys comes from 
the strength of the beta structure itself and from precipitation of alpha or other phases 
after processing and heat-treatment. The disadvantages with beta alloys are their 
higher density and lower creep resistance [1]. However, in contrast to alpha alloys, 
beta alloys are considered to be highly resistant to stress-corrosion cracking. It has 
been observed that the beta stabilisers reduce or eliminate susceptibility to stress-
corrosion cracking, but how is not clear [11]. 
 

2.1.3 Alpha case formation 
One of the limiting properties of titanium alloys is the formation of a brittle surface 
layer at elevated temperatures. This layer is a result of inward interstitial diffusion of 
oxygen or nitrogen, which results in solid-solution hardening of the surface. Both 
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oxygen and nitrogen are alpha stabilisers and therefore this layer is named an “alpha 
case” [1]. The brittle alpha case is detrimental to mechanical properties since it 
facilitates crack initiation leading to a loss in ductility and fatigue life. Therefore the 
alpha case normally is removed by chemical milling, pickling or machining prior to 
service. The thickness of the alpha case layer is mainly dependent on temperature and 
holding time [12].  
 

2.2 Spot and seam welding  
Welding processes are nowadays fundamental in the fabrication of many different 
products; a number of joints can be found in components in the aerospace industry. 
The particular choice of joining method is related to design criteria, range, payload 
and a number of other factors. Among the joining techniques available, welding is the 
one most frequently used. Titanium alloys have been welded since the basic nature of 
titanium was understood [13]. 
 
Spot and seam welding both rely on mechanical pressure and resistance heat generated 
by an electric current. In spot welding the electrodes heat the metal to form a nugget 
at the electrode site. Seam welding is a type of spot welding in which a series of 
nuggets overlap one another forming a continuous seam. The welding operation is 
carefully controlled through pressure and duration such that sufficient heat can be 
generated to melt the metal, which cools before pressure is released. The spot and 
seam welding cycle can be divided into four parts; squeeze time, weld time, hold time 
and off time. Squeeze time is defined as the time from time cycle initiation until full 
electrode force and contact are achieved. The weld time is the duration of the applied 
welding current to make a single impulse weld. During the hold time the force 
(pressure) is maintained while the nugget solidifies and is cooled to achieve the 
required strength. The time for the electrode to move to the next weld is called the 
off time, i.e. the electrodes are removed from the metal. Weld times typically range 
from 1/120 of one second for thin sheets to several seconds for thick sheets. 
 
The heat generated in the operation depends on three factors: (a) the current, (b) the 
resistance of the conductor (including interface resistance), and (c) the duration of the 
current. The heat generated Q (J) is expressed as follows: 
 

         (1) 
 
where I is the current (A), R is the resistance of the electrode material (Ω) and t is the 
duration of the current (s). According to eqn. (1) the welding current is inversely 
proportional to the square root of the time for a given energy, which means that to 
produce the weld a very high current is needed when the welding time is short. The 
combination of a short welding duration and high welding current can result in rapid 
electrode deterioration and unwanted heat distribution in the weld zone. The applied 
mechanical pressure during welding affects the resistance R in eqn. (1); the pieces to 
be spot or seam welded are clamped tightly together such that the current can pass. An 

Q = I2Rt
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increase in pressure results in a decrease in contact resistance and decreasing reduction 
in heat generation. On a microscopic level the contact surfaces comprise peaks and 
valleys, which implies that only a small fraction of the surface will be in metal-to-
metal contact and hence experience high contact resistance. As pressure increases, the 
peaks are depressed and the area of metal-to-metal contact increases, which decreases 
the contact resistance. If the pressure suddenly drops during welding, the contact 
surfaces of the welding electrodes may overheat resulting in burning or pitting of the 
electrode faces. The electrode could also stick to the metal surface, and in some cases 
the welded surface may vaporise because of the very high energy [14].  
 

2.2.1 Welding electrodes 
Seam welding electrodes normally take the form of wheels or discs, see Figure 4, 
whereas flat electrodes in the form of a rectangular bar are used for spot welding. The 
welding electrodes perform four functions: 
 

• Conduct current into the metal, determining the current density in the weld 
zone 

• Transmit force to the work piece 
• Dissipate part of the heat from the weld zone  
• Maintain relative alignment 

 
Required properties of electrodes are: high electrical conductivity, and adequate 
strength and hardness to resist deformation caused by repeated applied pressure. As the 
electrode deforms, weld quality decreases, which means that electrodes need to be 
reshaped or replaced regularly. If the electrodes are incapable of following a sudden 
change in surface curvature, e.g. because of their deformed shape, the contact pressure 
will decrease and local heating increases, which can cause overheating and violent 
ejection of molten metal. This may result in undesirable weld properties and greater 
wear of the electrodes [14]. In addition, wear debris may influence the properties of 
the material being welded. However, an alloy with high hardness and wear resistance, 
normally exhibit lower electrical and thermal conductivity, and consequently the 
choice of alloy is a compromise between mechanical properties and conductivity. 
Softer electrode materials are chosen than the material to be welded to increase the 
contact area. Copper alloys are commonly used as electrode materials; several are 
available with suitable physical and mechanical properties. In paper B the risk of 
using copper electrodes is evaluated for two titanium alloys with respect to solid metal 
induced embrittlement.  
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2.3 Metal induced embrittlement 
Metal induced embrittlement (MIE) is considered to be a type of environmentally 
assisted cracking material failure. Other examples of environmentally assisted cracking 
processes are corrosion fatigue cracking, stress-corrosion cracking (SCC) and hydrogen 
embrittlement (HE). SCC and corrosion fatigue cracking are the most commonly 
reported in industry, followed by HE - much less frequently reported is MIE [15]. 
Degradation caused by MIE is characterised by a reduction in ductility [7], which is 
often undetected until catastrophic failure occurs [16]. MIE is embrittlement that 
occurs in normally ductile metals subjected to tensile stress that are in contact with 
metals of lower melting temperature [5]. There are two types of MIE: liquid metal 
embrittlement (LME) and solid metal induced embrittlement (SMIE), which occur 
above and below the melting temperature of the embrittling metal, respectively [5-8]. 
Even though failures caused by MIE are rare in industry, several have been reported. 
Lynch has documented several failures [15-17] including SMIE of a brass valve caused 
by internal lead particles [17] and LME of an aircraft brake rotor caused by external 
copper [15]. The sources of embrittlement can thus be both internal (low-melting 
temperature inclusions) and external (e.g. surface coatings). Common sources of MIE 
are listed in Table 2. 
 
 
 

a) b) 

  
Figure 4. a) Position of disc electrodes in seam welding equipment and b) close-up of copper disc 
electrodes. Images courtesy of Volvo Aero Corporation. 
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Table 2. Common sources of MIE [17]. 

 

Sources 
 

• Coatings, e.g. Cd, Zn on steels, inadvertently exposed to high temperatures 
• Solders, brazes, and galvanising baths (in combination with high 

applied/residual stresses) 
• Liquid-metal coolants for nuclear reactors, nuclear fission products, neutron 

spallation targets (Pb-Bi) 
• Overheated bearing materials containing Sn, Cu, Pb 
• Internal sources, e.g. Pb particles in free-machining alloys 
• Na-K impurity phases in Al-Li alloys 
• Mercury from e.g. broken thermometers 
• Molten metal from fires, especially Zn from galvanised steel dripping onto 

stainless steel 
• Zn-based paint splashes on hot equipment 
• Lubricants containing metals such as Pb 
• Pick-up from contaminated grinding wheels 
• Cu from electrical resistance-heating contacts 
• Deposition from aqueous environments after corrosion/erosion-corrosion of 

embrittling metals, e.g. Cu, Pb 
• Airborne ZnS (near mining facilities) that reduces to Zn on hot surfaces 

 

 

2.3.1 Metallurgical characteristics of MIE 
The metallurgical factors that influence MIE have not been studied in detail but it has 
been suggested that they are similar to those responsible for increasing brittleness in 
metals, i.e. MIE increases with increasing grain size, strain rate, yield strength, solute 
strengthening, and the presence of notches or other stress raisers [7]. However, there 
are also factors that have been shown to have a lesser influence on MIE (compared 
with hydrogen and temper embrittlement), those being the effect of grain boundary 
impurities such as antimony, phosphorus and tin. Hence a better understanding of 
MIE would provide valuable information about other environmentally assisted 
cracking processes e.g. hydrogen embrittlement (HE), since MIE can be studied in a 
more simple and controlled manner [7, 18].  
 

2.3.2 Fracture characteristics of MIE 
Fracture in MIE can be divided into the separate stages of nucleation and propagation 
[5, 7, 18], but is propagation controlled [7]. Nucleation, i.e. crack initiation in MIE, 
has been shown to have an incubation time that depends on stress and temperature. 
Gordon [19] carried out potential drop measurements on a commercial 4140 steel in 
contact with liquid indium at different temperatures with two stress levels, and 
confirmed that incubation time increases with reductions in temperature and stress 
level, see Figure 5.  
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Crack propagation in normally ductile materials is intercrystalline, cleavage 
(transcrystalline), or both. Intercrystalline fracture dominates in bcc and fcc materials, 
whilst cleavage fracture is more common in hcp materials. Fracture paths for LME and 
SMIE are often similar, but a mixture of intergranular and cleavage fracture is more 
common for SMIE. Fracture features such as dimples, tear ridges and slip lines are 
present on the fracture surfaces of most metal induced embrittled materials, but can be 
difficult to resolve without a high resolution electron microscope. However, the 
fracture surfaces of MIE are similar to those of SCC and HE, and it is often impossible 
to distinguish between the different environmentally assisted cracking processes 
without a knowledge of the service temperature and environment of the sample. In 
addition, embrittlement can result from several embrittling processes, which means 
that the crack could be initiated by SMIE and propagated by HE (or SCC, fatigue 
etc.) [6]. Plane strain fracture toughness in environmentally assisted cracking (KIEAC) is 
difficult to determine since it depends strongly on the time for which the test is 
conducted, and can therefore vary between laboratories, depending on test method 
used. In paper C the SMIE crack characteristics of Ti-8Al-1Mo-1V embrittled by 
copper is evaluated with respect to grain boundaries and crystallographic orientation. 
 

 
 

Figure 5. Initiation (incubation) time plotted against test temperature for two stress levels for 
commercial 4140 steel in contact with pure indium [19]. Note: LME in this figure is denoted 
LMIE, which stands for liquid metal induced embrittlement. 
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When studying the fracture surface, traces of LME can sometimes be seen as a thin 
metal film, but with SMIE the embrittling species are generally not detected by 
common fracture surface evaluation techniques since the layer of embrittling metal is 
too thin [6]. The solid embrittling species can sometimes however be detected at the 
crack tip by Auger Electron Spectroscopy (AES) analysis [17, 20] or Secondary-Ion 
Mass Spectroscopy (SIMS) [17]. 
 

2.3.3 Solid metal induced embrittlement 
For a time it was assumed that no embrittlement could occur below the melting 
temperature of the embrittling metal and as late as in the 1960s the following could be 
read in a review of LME: 
 

“Of course, if the temperature falls below the solidus of the wetting agent, no 
embrittlement is observed” Stoloff (1968) [21] 

 
The doubt in SMIE is probably also the reason why SMIE is not as well-documented 
in literature as LME; the first case of LME (known to the author) was reported in 
1914 [22], while embrittlement recognized as SMIE was first reported in the 1960s 
[18]. Later, however, for steels it has been suggested that all metals that cause 
embrittlement in the liquid state also lead to embrittlement in the solid state [7, 23]. In 
this section a review of previous work on SMIE is given with the focus on the 
proposed SMIE mechanisms and SMIE reported in titanium alloys.  
 
In general SMIE is considered to be less severe than LME because of the much slower 
(one or two magnitudes) crack velocity [7]. However, the severity of embrittlement is 
also dependent on the distance to the source of the embrittling metal. When the 
embrittling species are present as inclusions the crack growth of SMIE can be 
extensive, especially when closely spaced, since the distance to the embrittling sources 
remains short as the crack propagates [17]. In other words, it is agreed that crack 
propagation will not proceed without a constant supply of embrittling species at the 
crack tip [5]. The main prerequisite for SMIE to occur is intimate contact between 
the embrittling metal and the substrate [6, 7, 15, 17, 24]. This means that any existing 
oxide layer must be removed or ruptured [6, 17]. Other parameters affecting SMIE 
susceptibility are the temperature and tensile stress; below certain threshold values of 
these, SMIE is not expected to occur [7, 18, 24, 25]. The severity of SMIE increases 
with temperature, and is as highest just below the melting temperature of the 
embrittling species, Tm [18].  
 
The mechanisms of SMIE are today believed to involve surface self-diffusion from the 
source to the crack tip and adsorption of the embrittling species at the crack tip, see 
Figure 6. Surface self-diffusion is assumed to be the transport mechanism since such 
diffusion rates are fast enough to be consistent with the reported cracking lengths at 
the temperatures studied [5, 17, 23, 26, 27]. The surface self-diffusion coefficient, DS , 
has been estimated by using the standard random-walk equation [23]: 
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DS = x

2 / 2t         (2) 
 
where x is the projected crack propagation length to failure and t the propagation 
time. By plotting DS versus 1/T, where T is the service temperature (K), it was further 
shown that the data agreed with an Arrhenius relationship with a particular activation 
energy. Lynch [26] collected available data for SMIE of titanium alloys, zirconium 
alloys and steels and plotted the estimated DS against Tm and concluded that a 
normalized linear Arrhenius plot could be fitted to most of the data, see Figure 7. 
However it could further be observed that the DS values obtained from (2) were one 
or two orders of magnitude less than the surface self-diffusion coefficient obtained 
from other studies in which DS was measured by sintering small particles, scratch 
decay and grain boundary grooving [28, 29]. The deviation is believed to be an effect 
of the measured crack propagation length, which is probably underestimated since the 
measured crack length is the projected length, i.e. not the true diffusion length along 
the grain boundary, which follows a more serrated path. In Figure 7 it can also be seen 
that the data deviate from the linear Arrhenius plot at temperatures close to the 
melting temperature. Based on the estimations of surface self-diffusion coefficients, 
SMIE is expected to occur at homologous temperatures (T/Tm) of >0.5. Furthermore 
the rate of crack growth is expected to increase with increasing temperature [6, 17], 
but decrease with increasing crack length since the distance from the embrittling 
source increases [16]. Anomalous results have been obtained for titanium alloys [20] 

 
 

Figure 6. Illustration of surface self-diffusion and the adsorption of atom “A” at the crack tip of 
SMIE affecting the bond T1-T2. 
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where SMIE has been observed at temperatures as low as 0.38 T/Tm and at higher 
cracking rates than can be estimated by the previously reported SMIE data. This 
anomalous behaviour is assumed to be caused by impurities or by a contribution from 
HE [6]. However, SMIE can occur at temperatures as low as 0.3 T/Tm when the 
atoms of the embrittling material are closely spaced [6, 16], especially for internal 
cracks because of the absence of air, i.e. the crack growth is not be inhibited by an 
oxide film [17]. Several studies thus support surface self-diffusion as the dominant 
transport mechanism since the mechanisms proposed earlier (vacancy diffusion and 
grain boundary diffusion) are associated with diffusion coefficients that are too low 
[23]. Surface self-diffusion as the dominant transport mechanism is discussed in papers 
B and C.  
 

 
It is further believed that the embrittling species are adsorbed at the crack tip, which 
leads to a weakening of the atomic bonds in crack tip region [6, 17, 26]. Adsorption 
describes a process where a molecule/atom bonds to a surface - it differs from 
absorption, where the molecules/atoms enter the bulk of the surface. There are two 
types of adsorption, physisorption and chemisorption, the classification depends on the 
magnitude of enthalpy of adsorption. The bonding interaction in physisorption is long 
range but is weak because of its van der Waals nature. The electron density is 
redistributed within the adsorbate and adsorbent separately, which can lead to an 
imbalance of electron density on either side of the interface. Chemisorption on the 
other hand, which is considered to be responsible for SMIE, is distinguished by an 

 
 

Figure 7. Surface self-diffusion coefficient, Ds, plotted against Tm/T where Tm is the melting 
temperature of the embrittling metal and T the service temperature in Kelvin [26]. 
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exchange of electrons between the adsorbate and the adsorbent, resulting in 
interaction resembling covalent-, ionic-, and metallic bonding [30]. The details of 
how adsorption affects crack propagation are not completely understood, but for LME 
and SMIE it is suggested that chemisorption influences the crack propagation rate as 
explained further below (a-c):  
 
a) Chemisorption reduces the stress required for tensile separation of the atoms at the crack tip  
Westwood and Kamdar [7, 31, 32], and Stoloff and Johnston [33] propose that the 
cohesion strength of the bond between atoms T1 and T2 (Figure 6) is reduced by 
adsorption of the metal atom A. The crack propagates by breaking the bonds T1-T2 
and later T1-T3. The bonds are described by potential energy separation curves of 
U(a), see Figure 8, where a0 is the equilibrium distance between atoms in the fracture 
plane and the stress σ acting between T1 and T2 varies as dU/dA from σ = 0 at a = a0 

to σ = σm at potential U1. A stress of σm would cause the bond T1-T2 to break. If the 
atom A is adsorbed, spontaneously or only after the bond of T1-T2 has been strained 
to aC , the bond becomes weaker and the energy separation curve can be considered to 
be U(a)A. The stress needed to break the bond T1-T2 is then σm(A), i.e. much less than 
σm, and as it breaks the crack propagates by decohesion.  
 

 
 

Figure 8. Potential energy separation curves showing that chemisorption of atom A reduces the 
stress σm needed for separation of the atoms at the crack tip. 
 
b) Chemisorption hinders the nucleation or egress of dislocations at the crack tip 
Vook [34] studied embrittlement of solid copper caused by liquid bismuth, by using 
transmission electron microscopy. The aim of the study was to evaluate the influence 
of dislocations and dislocation interaction on the initiation and propagation of LME. 
However, the results showed no indications of dislocation pile-ups initiating the 
embrittlement, suggesting that chemisorption hinders the nucleation or egress of 
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dislocations at the crack tip because of attractive forces between the dislocations and 
the adsorbed atoms, resulting in less plastic deformation and brittle fracture.   
 
c) Chemisorption facilitates the nucleation or egress of dislocations at the crack tip  
Lynch [26, 35-38] has evaluated fracture surfaces of SMIE and LME, and compared 
them with the fracture surfaces resulting from overload. It was observed that the 
plastic zone and the dimples were smaller when SMIE and LME were involved, and 
shallower than those observed in the fracture surfaces after overload. It was further 
suggested, based on the observations, that chemisorption facilitates nucleation of 
dislocations from the crack tip. Lynch also emphasised that the suggested influence of 
chemisorption as described in a) and b) above are not consistent with the fracture 
features found in his observations, which indicates slip rather than tensile decohesion, 
since tensile decohesion would result in an atomically flat fracture surface. In theory, it 
is suggested that even if chemisorption only influences the surface, it is enough to 
reduce the amount of plasticity and thus affect nucleation and growth ahead of the 
crack tip. In ductile fracture, blunting occurs at the crack tip resulting in deep dimples 
on the fracture surface because crack growth occurs to a large extent through egress of 
dislocations nucleated ahead of the crack tip. This means that a higher strain will be 
needed to activate slip and thereby crack growth, only a small portion of the 
dislocations will intersect the crack tip exactly. The large strain needed results in a 
large plastic zone around the crack tip before crack growth. In the presence of the 
chemisorbed atom, according to Lynch, dislocations are more readily injected from 
the crack tip, causing the crack to grow even at smaller strains. Thus shallow dimples 
are produced and smaller plastic zones generated. It is assumed that the nucleation of 
dislocations is more difficult than movement, which means that crack growth occurs 
as soon as a dislocation is nucleated. A schematic of the proposed crack growth process 
compared with crack growth in ductile fracture can be seen in Figure 9. Lynch has 
also emphasized that, in this matter, similarities between MIE, SCC and HE are 
observed, and that the theory of adsorption-induced localised slip can also be used for 
some materials and environments involving SCC and HE.  
 

 
 

Figure 9. (a) Dislocation nucleation and void coalescence by adsorption of atom at crack tip and 
(b) ductile crack growth by dislocation egress and coalescence of voids [39]. 
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2.3.4 Metal induced embrittlement of titanium alloys 
MIE was first reported in titanium alloys in 1965 by Duttweiler et al. [40] who 
observed SMIE of a compressor wheel made of a titanium alloy in contact with silver. 
Today metals such as cadmium [20, 25, 41], copper [42, 43], gold [20, 43], mercury 
[25, 44], silver [20, 40], and zinc [45] are known to cause embrittlement in titanium 
alloys, see Table 3.  
 
Fager and Spurr [25] concluded in their work on Ti-6Al-4V and Ti-8Al-1Mo-1V 
that both solid Cd and liquid Hg resulted in intergranular and cleavage cracking. They 
also observed that cleavage occurred on or near the (0001) plane of the titanium alloy. 
Meyn [41] reported both intergranular and cleavage fracture in Ti-6Al-4V and Ti-
3Al-14V-11Cr when in contact with solid cadmium. Furthermore cleavage cracking 
in Ti-6Al-4V was observed only in the alpha phase grains. In beta annealed Ti-6Al-
4V cracking occurred between the alpha plates in the acicular structure. However, 
Meyn did not observe any difference in SMIE susceptibility when comparing cracking 
behaviour of near-alpha (Ti-8Al-1Mo-1V), alpha-beta (Ti-6Al-4V) and beta (Ti-3Al-
14V-11Cr) alloys.  
 
Stoltz and Stulen [20] observed SMIE of Ti-6Al-6V-2Sn in contact with cadmium, 
silver, and gold and reported that fracture primary occurred by an intergranular 
mechanism with sporadic cleavage through alpha grains. Moreover, they measured 
crack length and based on these measurements, the elements were ranked in the 
following order of embrittling power: cadmium (500 m), silver (250 m) and gold 
(50 m).  
 
Most recently copper contact has been investigated with respect to SMIE. Liu [42] 
reported SMIE of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si and in the present work (paper A), 
SMIE was observed in Ti-6Al-2Sn-4Zr-2Mo and Ti-8Al-1Mo-1V when in contact 
with solid copper.  
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Table 3: Titanium alloys and embrittling species reported. 

    

Alloy  Solid embrittling 
species 

Liquid embrittling 
species 

CP Unalloyed Ti (grade 2)  Cd [45] 
 

Unalloyed Ti (grade 4)  Hg [45] 

α Ti-5Al-2.5Sn Ag [40]  

near-α Ti-6Al-2Sn-4Zr-2Mo Au, Cu [43]  

 
Ti-8Al-1Mo-1V 

Ag [40, 43], Au  [43], 
Cd [41], Cu [43] 

Hg [25, 44] 

α−β Ti-6Al-4V Cd [25, 41] Cd [25], Hg [44] 

 Ti-6Al-6V-2Sn Ag, Au, Cd [20]   
 Ti-6.5Al-3.5Mo-1.5Zr-0.3Si Cu [42]  

 Ti-7Al-4Mo Ag [40]  
 Ti-8Mn  Cd [46], Hg [11] 

β Ti-3Al-14V-11Cr Cd [41]  
 Ti-13V-11Cr-3Al  Cd, Hg, Zn [45] 
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3 MATERIALS AND METHODS 
 
In this chapter the materials investigated and the experimental procedures used in the 
current work are presented in detail. A short introduction to different test methods 
used to evaluate different cracking processes is also given. 
 

3.1 Materials investigated 
Three alloys have been studied in the present work: Ti-6Al-4V, Ti-6Al-2Sn-4Zr-
2Mo and Ti-8Al-1Mo-1V. The background to why these alloys are of interest is 
partly explained in the standard test method used for SCC evaluation [47], where Ti-
8Al-1Mo-1V and Ti-6Al-4V represent alloys with high and low susceptibility to 
SCC, respectively. To begin with, in the initial studies, only these two alloys were 
evaluated. Ti-6Al-2Sn-4Zr-2Mo was added after the first investigation of SMIE, since 
it is used in the aerospace industry and is, like Ti-8Al-1Mo-1V, a near-alpha alloy. 
Selected properties of the alloys investigated can be found in Table 4. 
 
Table 4. Selected properties of the alloys investigated [1, 48, 49]. 

 

 Ti-6Al-4V Ti-6Al-2Sn-4Zr-2Mo Ti-8Al-1Mo-1V 
    

Alloy alpha-beta near-alpha near-alpha 
 

Beta transition temperature [°C] 
 

1000±20 995±15 1040±15 

Density [g/cm3] 4.42 4.54 4.37 
 

Stress-relief temperature [°C] 480-650 595-705 595-705 
 

Stress-relief time [h] 1-4 0.25-4 0.25-4 
 

Annealing temperature [°C]  >550 >650 >595 
 

 

3.1.1 Ti-6Al-4V 
Ti-6Al-4V (Ti-64) is the most widely used titanium alloy and accounts for more than 
45% of total titanium production [1] and 80% of the titanium used in the aerospace 
industry. In addition to aerospace applications, Ti-64 is used in medical prostheses and 
can be found in the automotive, marine and chemical industries in relatively small 
amounts [48]. Ti-64 is an alpha-beta alloy with an attractive combination of properties 
and can be manufactured in all types of mill products. Application of Ti-64 is limited 
to about 400°C and consequently it is used in low to moderate temperature 
applications. In the aerospace industry, Ti-64 is extensively used in the jet engine (in 
the cold section, i.e. fan and compressor sections), as blade, discs and wheels. 
Although corrosion resistance is not as good as pure titanium, Ti-64 has excellent 
corrosion resistance compared with other titanium alloys, which is explained by its 
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ability to form protective oxide layer. The oxidation behaviour of Ti-64 is similar to 
that of pure titanium [1]. The condition and composition of the Ti-64 sheets used in 
present work is in accordance with the aerospace material specification AMS 4911L 
[50].  
 

3.1.2 Ti-6Al-2Sn-4Zr-2Mo 
Ti-6Al-2Sn-4Zr-2Mo, or more correctly Ti-6Al-2Sn-4Zr-2Mo-0.08Si (Ti-6242) is a 
near-alpha alloy developed in the 1960s for high temperature applications. Originally 
Ti-6242 did not contain any silicon but silicon was added to meet creep requirements 
in jet engine applications, and now the majority of producers add silicon to the 
original composition. Today Ti-6242 is mainly used in compressor blades, discs and 
impellers of gas turbines. It exhibits a good combination of tensile strength, creep 
strength and toughness. Ti-6242 is one of the most creep resistant titanium alloys and 
can be used in short-term applications up to 565°C and in long-term applications up 
to 450°C. Although this alloy is classified as a near-alpha alloy, its microstructure 
resembles those of alpha-beta alloys. Typically the structure consists of equiaxed alpha 
in a transformed beta matrix or a fully transformed structure that maximises creep 
properties. In Ti-6242 sheet the structure consists of about 80-90% alpha phase, the 
small amounts of beta can be observed between the acicular alpha grains of the 
transformed phase [48]. The corrosion properties of Ti-6242 are not generally well 
documented, but it has showed susceptibility to SCC [1]. The condition and 
composition of the Ti-6242 sheets used in the present work were in accordance with 
the aerospace material specification AMS 4919F [51]. 
 

3.1.3 Ti-8Al-1Mo-1V 
Ti-8Al-1Mo-1V (Ti-811) was developed in 1954 for compressor blades and wheels in 
high temperature gas turbines. Today Ti-811 is widely known in the titanium 
industry and is produced by most titanium producers. It is characterised by its high 
elastic modulus, the highest of all commercial titanium alloys, and its good creep 
resistance up to 455°C. At room temperature, Ti-811 exhibits similar tensile strength 
to Ti-64, but at elevated temperatures Ti-811 shows much higher tensile strength and 
better creep properties than other near-alpha and alpha-beta alloys [48]. The corrosion 
properties on the other hand are poorer, Ti-811 is one of the most susceptible 
titanium alloys to SCC, which is explained by its high aluminium content and hence 
its ability to form the low-ductility Ti3Al phase [1]. The condition and composition of 
the Ti-811 sheets used in the present work was in accordance with the aerospace 
material specification AMS 4916J [52]. 
 

3.2 Test methods  
For SMIE evaluation, there is no universal test method, instead there are several 
different test methods and the method that is applicable depends on the information 
required and the passivation behaviour of the alloy. However, most of the test 
methods used have their origin in SCC testing. The following section therefore briefly 
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describes the most common test methods used for SCC. The test method used in 
present work is then presented in detail.  
 
It is generally agreed that SCC test methods do not simulate the service conditions 
well and consequently cannot be used to predict performance correctly [1]. 
Consequently it is important to pay attention to parameters that can affect the severity 
of embrittlement, i.e. relaxation during testing, stress level, testing time etc. The 
methods applied for SCC can be divided into three categories [11]: smooth specimens 
under static loads, pre-cracked specimens under static loads, and slow-strain-rate tests, 
which will be explained further in a-c).  
 
a) Smooth specimens tested under static loading 
The characteristic of this type of test is the smooth nature of the specimens that are 
statically loaded [11, 53]. The test can be accomplished by using a variety of specimen 
configurations, see Figure 10. Depending on specimen dimensions, a wide range of 
stresses can be induced in a single test, from zero to beyond the yield strength. If 
elastic deformation alone is required, it is possible to choose dimensions suitable for 
elastic stress generation. In this category of test, specimens with a U-bend geometry 
are most commonly used, made by bending and restraining a metal sheet into a U-
shape [53]. In U-bend and C-ring testing the stress varies during testing since 
relaxation takes place; it is therefore also necessary to consider the differences in 
relaxation behaviour among the alloys [54]. The U-bend test is normally used for 
simple go/no-go assessment of SCC and is, compared with the other categories, the 
least costly. The accuracy of the test is dependent on incubation time, i.e. the test is 
adequate if the incubation period is not too long in comparison with the length of the 
test [11]. A slightly different specimen type in this category is the self-stressed 
specimen, where a Brinell hardness indenter or an Erichsen cup test plunger indents a 
sheet or plate [53].  
 

 
 

Figure 10. Smooth specimens under static loading [53]. 
 
b) Pre-cracked specimens under static loading 
Testing of pre-cracked specimens under static loading resembles fracture mechanics 
testing. In this test a notched or pre-cracked specimen is statically (or dynamically) 
loaded. The various specimen configurations are shown in Figure 11. The cracking 
behaviour of an alloy changes dramatically if there is a crack-like defect on the surface. 
Whether the defect develops into e.g. SMIE or not, depends not only on the alloy in 
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use, the stress level and corrosive environment, but also on the depth of the defect of 
interest (the notch). This type of test is used to determine KISCC, i.e. the threshold 
value of stress intensity above which SCC occurs. If KISCC is known the effect of the 
combination of a nominal stress level and defect size can be evaluated [53]. This test is 
preferable if design information is required, i.e. KISCC or stage I / stage II crack 
propagation parameters [11]. However, as stated earlier in section 2.2.2 Fracture 
characteristics of MIE, it is difficult to determine the fracture toughness for 
environmentally assisted cracking (KIEAC) since it strongly depends on the time for 
which the test is conducted, which may vary between laboratories. 
 

 
 

Figure 11. Examples of pre-cracked specimens under static loading [53]. 
 
c) Slow-strain-rate testing  
The specimens used in slow-strain-rate testing (SSRT) are smooth or notched tensile 
specimens that are dynamically loaded under low strain rate conditions. The result - 
the ductility of the sample - is often given in comparison with rates for reference 
specimens that are tested in air or in inert gas [11, 53]. SSRT is however considered to 
be conservative and even unrealistic when design data is desired, because of the 
accelerated nature of the test, since the film of surface oxide is continuously broken 
when straining to failure [11].  
 

3.2.1 U-bend test method in present study 
The U-bend method used in the present study was adapted from the recommended 
aerospace practice for SCC evaluation of titanium alloys, namely ARP SAE 1795A 
[47]. The test method however was modified for SMIE environments.  
 
To start with, 1.25 mm thin sheets of the investigated alloys were initially cut into the 
specified dimensions of 75 x 19 mm, with the rectangular specimens aligned parallel to 
the rolling direction as per ARP SAE 1795A. The tolerance of the dimensions was ± 
0.25 mm. In order to be able to restrain the specimens after bending, 7 mm holes 
were drilled in the centre of the specimens, 13 mm from each edge; see Figure 12A. 
Subsequently each face of the specimen was ground with 240 and 600 silicon carbide 
papers to remove the oxide layer and residuals from cutting. Although titanium 
specimens oxidise again shortly after grinding, the thickness of the oxide layer varies 
less among the specimens, which is desired to achieve reproducibility of the test. After 
grinding, the specimens were handled with cotton gloves to avoid salt residuals from 
fingerprints, which can lead to SCC [1]. 
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The bending operation was performed in two steps. First the specimen was bent in a 
vice (the legs of the U-bend shape were pushed together) until an unrestrained angle 
of 65° was achieved, see Figure 12B. The bent specimens were then cleaned in a 
solution of 35 vol% nitric acid, 3 vol% hydrofluoric acid and reagent water. The 
specimens were immersed in the cleaning solution for 20 s and then rinsed in reagent 
water and left to dry in air. The second and final U-bending step was performed by 
bending the free ends, with the help of a vice, until d=16.5 mm, see Figure 12C, and 
then fixed with a clean stainless steel bolt, nut and washers. Thereafter the specimens 
were restrained to a final diameter of d=13.5 mm. 
 

 
After bending, the specimens were either sputtered with the embrittling species or 
immersed in the embrittling environment, see Figure 12D. Two types of reference 
specimen are used in the standard test method for SCC evaluation; one set of 
specimens is not exposed to any embrittling environment, and the other set immersed 
in a sodium chloride solution and left to dry prior to heat treatment. The purpose of 
the reference specimens is to control the acceptability of the test method. A successful 
test should not show any cracking in the unexposed reference specimens, whilst 
cracking should be observed for the reference specimens immersed in sodium chloride 
solution [47], since all titanium alloys have some degree of susceptibility to hot salt 
stress-corrosion cracking [1]. However, in the present study the two reference 
specimens were used as extra validation of the test method, even if SMIE and not 
SCC was of interest. The sodium chloride solution was a mixture of 3 wt% sodium 
chloride and reagent water. For SMIE evaluation, the specimens were sputtered with 
solid gold or copper. According to sputtering time, current and type of solid metal, 
the thickness of the sputtered layer was between 50-100 nm.  
 
Following exposure to the different environments, all specimens were heat treated in 
an air circulation furnace at 480°C for 8 h; the humidity in the laboratory was 5-10%. 
In addition, one set of seam-welded specimens, which were heat-treated according to 

 

Figure 12. Schematic illustration of the U-bend test method used in present study. 
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the process route at Volvo Aero Corporation (593°C for 2 h) were also investigated. 
Following heat treatment, the specimens were left to air cool before the bolted 
restraints were removed. Evaluation was carried out along the U-bend section, hence 
a cross-section was carefully cut according to the arrows indicated in Figure 12E. The 
two halves of the specimen were then mounted, ground and polished by conventional 
methods for metallographic evaluation of titanium alloys. 
 
Seam-welded specimens were also evaluated in the present study [55]. However since 
the aim of that part of the study was to investigate the influence of residual stresses 
from the seam-welding process itself, those specimens were not U-bent. Consequently 
the evaluated cross-sections of those specimens were oriented in a different way, see 
Figure 13, since the stress in those specimens was expected to have a different 
distribution. 
 

 
 

Figure 13. Evaluated cross-sections of seam-welded specimens. 
 

3.2.2 Alpha case evaluation 
In order to be able to neglect the effect of alpha case on the SMIE behaviour, a 
specimen of Ti-6Al-4V was examined for alpha case formation after heat treatment at 
480°C for 8 h. The specimen was mounted, ground and polished using conventional 
methods for titanium alloys. Thereafter the specimen was etched in two steps to reveal 
the alpha case layer, first by Kroll’s reagent and then by Weck’s tint reagent. If alpha 
case was present it would appear as a white layer at the surface of the specimen. 
However, in the present study no alpha case was observed, see Figure 14. 
 

 
 

Figure 14. Ti-6Al-4V etched for alpha case evaluation; no alpha case was observed.
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3.3 Evaluation techniques 
All specimens were first evaluated in a light optical microscope. If no cracks were 
observed, the specimen was re-ground and re-polished to a depth of approximately 1 
mm below the evaluated cross-section, and thereafter re-evaluated. None of the 
specimens was etched since this procedure would open the cracks. Instead other 
evaluations techniques were used, which are described in this section.  
 

3.3.1 Light optical microscopy 
The main evaluation was carried out using the light optical microscope (LOM) 
located in the Division of Materials Science at Luleå University of Technology 
(Olympus Vanox AH-2 AHBT). The outer surface of the U-bend shape was carefully 
examined at magnifications up to 1000 times. When cracking was found, the location 
was noted and the crack documented. The typical appearance of the cracks in the 
LOM is shown in Figure 15. 
 

 
 

Figure 15. SMIE of Ti-6242 in contact with gold, image captured at 1000 times magnification 
in the light optical microscope.  
 

3.3.2 Scanning electron microscopy 
The specimens showing indications of SMIE where further evaluated in the scanning 
electron microscope (SEM) located in the Division of Materials Science at Luleå 
University of Technology (JEOL JSM 6460LV). In order to distinguish between the 
alpha and beta phase in the titanium alloys, the cracks were evaluated by using the 
backscattered electron detector in the SEM, which provides atomic number contrast, 
see Figure 16.  
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Figure 16. Backscattered electron image of Ti-6242 in contact with gold showing crack 
propagation in the alpha (grey) and beta (white) phases. The white surface layer is due to edge 
contrast in the SEM (not alpha case). 
 

3.3.3 Electron backscatter diffraction analysis 
Further analysis was carried out using electron backscatter diffraction (EBSD) 
equipment in the Department of Materials and Manufacturing Technology at 
Chalmers University of Technology (LEO 1550 Gemini FEG-SEM equipped with 
HKL Channel-5 EBSD system and a Nordlys II detector). EBSD is an additional 
characterisation technique used in the SEM to obtain crystallographic information 
from a material. A high-energy electron beam scans the area of interest and 
simultaneously backscattered electrons generate an EBSD (Kikuchi) pattern on a 
fluorescent screen. The pattern generated is characteristic of the orientation and crystal 
structure, and can be used to determine individual grain orientations, local texture, 
phases present, etc. 
 
EBSD equipment comprises three parts: the SEM, a pattern acquisition device, and 
software. The resolution depends on the interaction volume of the primary electrons 
in the material, which is characterised by a depth of 20 nm and the projected area of 
the electron beam. The sample is tilted approximately 70° relative to the incident 
beam to increase the fraction of backscattered electrons and thereby the contrast in the 
EBSD pattern, as shown in Figure 17. The phosphor screen connected to the 
acquisition device is usually located about 2 cm from the specimen, perpendicular to 
the pole-piece. EBSD software controls the raster grid of the area of interest, pausing 
the electron beam at each point just long enough to gather the EBSD pattern and to 
index the orientation. The output of EBSD is normally presented as an image in 
which different colours correspond to different crystallographic orientations [56]. An 
orientation map is shown in Figure 18 before (a) and after (b) noise reduction with an 
average of four neighbours applied.  
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Figure 17. EBSD setup in the SEM vacuum chamber showing pole-piece emitting electrons, 
sample and detector [56]. 
 
 
a)  b) 

  
 

Figure 18. a) EBSD orientation map, and b) EBSD orientation map after noise reduction with 
an average of four neighbours applied.  
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4 SUMMARY OF APPENDED PAPERS 
 

4.1 Paper A 
 
Solid metal induced embrittlement of titanium alloys in contact with 
copper 
 
Pia Åkerfeldt, Robert Pederson and Marta-Lena Antti 
 
A test method for SMIE evaluation was developed by modifying a U-bend test 
method normally used to evaluate SCC of titanium alloys in contact with cleaning 
solutions. By using reference specimens intended to crack or not, depending on the 
type of environment, the reliability of the test method was established. One of the 
reference environments evaluated was gold, since it is the subject of another study 
involving SMIE of a titanium alloy. In the present SMIE study, three titanium alloys: 
Ti-8Al-1V-1Mo, Ti-6Al-2Sn-4Zr-2Mo and Ti-6Al-4V, representing both near-alpha 
and alpha-beta alloys, were evaluated. The results showed that the two near-alpha 
alloys Ti-8Al-1V-1Mo and Ti-6Al-2Sn-4Zr-2Mo were susceptible to SMIE in 
contact with solid copper (and gold) at 480°C for 8 hours, but no SMIE was found for 
Ti-6Al-4V. The observations suggest that SMIE susceptibility is dependent on alloy 
composition.  
 
Contribution of author:  
The author planned the experiments, performed the experiments, evaluated the results 
and wrote the paper after suggestions from the co-authors. 

4.2 Paper B 
 
Investigation of the influence of copper welding electrode on Ti-8Al-1Mo-
1V and Ti-6Al-2Sn-4Zr-2Mo with respect to solid metal induced 
embrittlement 
 
Pia Åkerfeldt, Robert Pederson and Marta-Lena Antti 
 
The risk of using copper electrodes when resistance welding titanium alloys was 
investigated. Based on the results presented in paper A, resistance welded Ti-8Al-
1Mo-1V and Ti-6Al-2Sn-4Zr-2Mo were evaluated for SMIE. In addition to the 
welding process itself, the effect of possible wear debris from the copper electrodes on 
SMIE susceptibility was also evaluated by coating the resistance welded specimens 
with copper to promote SMIE. No SMIE was found in the resistance welded 
specimens, which may be explained by the absence of copper in the weld. However, 
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since no cracks were found on the resistance welded specimens coated with copper 
neither, it was concluded that the absence of copper was not the reason for the 
absence of SMIE in the present study. Therefore it was concluded that the residual 
stresses generated by the welding operation itself are insufficient to induce cracks 
through SMIE in Ti-8Al-1Mo-1V and Ti-6Al-2Sn-4Zr-2Mo.  
 
Contribution of author: 
The author planned the experiments, performed parts of the experiment (not the 
resistance welding procedure), evaluated the results and wrote the paper after 
suggestions from the co-authors. 
 

4.3 Paper C 
 
The effect of crystallographic orientation on solid metal induced 
embrittlement of Ti-8Al-1Mo-1V in contact with copper 
 
Pia Åkerfeldt, Robert Pederson, Marta-Lena Antti, Yiming Yao and Uta Klement 
 
The crack propagation behaviour of SMIE in relation to the crystallographic 
orientation of Ti-8Al-1Mo-1V was investigated. Even though SMIE has been 
evaluated in detail in several studies, no evaluations have been carried out on its 
dependence on crystallographic orientation. In the present paper the crack 
propagation path of Ti-8Al-1Mo-1V in contact with copper was evaluated by using 
electron backscatter diffraction (EBSD). It was generally observed that the crack 
propagated perpendicular to the surface and the loading direction, presumably towards 
locations with high stress levels. The EBSD results indicated a favourable crack path 
along high angle grain boundaries between the alpha phase grains, which supports an 
adsorption mechanism since adsorption most likely occur on high-energy surfaces. In 
addition, several grains were oriented closed to [0001] in the crack direction, 
indicating that there is a relationship between the crack characteristics of SMIE and 
the crystallographic orientation.  
 
Contribution of author: 
The author planned the experiments, performed parts of the experiment (not the 
EBSD analysis), evaluated the results and wrote the paper after suggestions from the 
co-authors. 
 
 



CONCLUSIONS 

 35

 

5 CONCLUSIONS 
 
Based on the observations presented in Papers A, B, and C the following conclusions 
can be drawn with regard to the test method, the SMIE susceptibility of titanium 
alloys, and the SMIE mechanisms in titanium alloys. 
 
Test method 

• The modified U-bend test method is valid for SMIE evaluation 
• The SMIE susceptibility is highly dependent on testing conditions such as 

tensile stress, heat treatment temperature and duration of the test 
• There are threshold values of temperature and tensile stress below which SMIE 

does not occur 
 
SMIE susceptibility of titanium alloys 

• Ti-8Al-1Mo-1V is susceptible to SMIE in contact with copper or gold at 
480°C for 8 hours 

• Ti-6Al-2Sn-4Zr-2Mo is susceptible to SMIE in contact with copper or gold at 
480°C for 8 hours 

• Ti-6Al-4V is not susceptible to SMIE in contact with copper or gold at 480°C 
for 8 hours 

• The tensile stress generated by the seam-welding process itself is not sufficient 
to generate SMIE of Ti-8Al-1Mo-1V and Ti-6Al-2Sn-4Zr-2Mo in contact 
with copper 

• SMIE susceptibility is dependent on alloy composition 
 
SMIE mechanisms of titanium alloys 

• The SMIE crack propagates principally along high angle grain boundaries 
between alpha phase grains, which may be explained by the high surface energy 
and thus the stronger influence of adsorption of embrittling species 

• The transportation mechanism of the embrittling species suggested from the 
source to the crack tip via self-surface-diffusion is consistent with the findings of 
the present studies 

• There is a relationship between crystallographic orientation and SMIE crack 
path characteristics 

• The SMIE crack path tends to follow grains oriented close to [0001] in the 
crack path direction  
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6 FUTURE PERSPECTIVES 
 

The nature of solid metal induced embrittlement is complex. One should be careful 
when generalising phenomena among alloys, predicting the influence of test 
parameters etc. Even though investigations have been carried out to understand the 
mechanisms involved in embrittlement, more studies are needed before detailed 
conclusions regarding its mechanisms and relation to different test and material 
parameters can be drawn.   
 

6.1 Influence of alloy composition 
In the present study, solid copper and gold were found to cause SMIE in two near-
alpha alloys (Ti-8Al-1Mo-1V and Ti-6Al-2Sn-4Zr-2Mo), whilst SMIE was not 
observed in the alpha-beta alloy (Ti-6Al-4V). Several explanations can be suggested 
for the observed susceptibility difference. Firstly, SMIE dependence on alloy 
composition could be explained by the amount of beta phase in the alloys 
investigated. Seah [57] obtained correlations showing that the extent of adsorption 
increases with decreasing solubility of the embrittling species in the matrix. 
Accordingly, species with low solubility in the matrix are more likely to cause 
embrittlement, which has also been suggested by others studying MIE [6, 17]. 
However, with titanium alloys one should consider the solubility within both the 
alpha and beta phases. Elements known to cause MIE in titanium alloys, such as 
copper, gold, silver, cadmium, and mercury, have limited solubility in both the alpha 
and beta phases. Moreover, when comparing the solubility of copper and gold, both 
exhibit lower solubility in the alpha phase (1.6 and 1.7 wt%, respectively), than in the 
beta phase (14 and 17 wt%, respectively) [58]. This suggests that titanium alloys 
containing higher amounts of alpha phase will exhibit higher susceptibility to SMIE. 
Hence, the phase fractions of alpha and beta should be estimated for the alloys 
investigated, e.g. by x-ray measurements on untested sheet material.  
 
However, the fraction of beta phase in Ti-6Al-4V is rather small, 5-10% [59] at room 
temperature, and Ti-6Al-4V should contain the highest amount of beta phase, 
compared with Ti-6Al-2Sn-4Zr-2Mo and Ti-8Al-1Mo-1V. In other words, since the 
amount of beta phase is rather small in the alloys studied, combined effects of several 
parameters probably explain the influence of alloy composition. In the case of SCC, 
one may explain the observed difference among alloys by the influence of alpha 
stabilising elements such as aluminium and tin, i.e. the susceptibility increases with an 
increasing amount of alpha stabilising elements. Furthermore, for aluminium it may be 
explained by the increasing ability to form the low-ductility Ti3Al phase with more 
than 5% aluminium [11]. Therefore, the volume fraction of Ti3Al present should be 
examined for the alloys studied to test this theory.  
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In addition, the test parameters used with different alloys should be reviewed. Ti-6Al-
4V appears to be more resistant to SMIE but one should bear in mind that only one 
test condition has been used so far. Test parameters such as the heat-treatment 
temperature, holding time and stress level are expected to influence the results to a 
large extent. Therefore additional tests should be carried out to examine SMIE 
susceptibility for alloys studied under different test conditions.  
 

6.2 Mechanisms of SMIE 
The most important topic for future work with respect to the mechanisms of SMIE is 
to study the crack propagation path in more detail. This would enable further 
conclusions regarding mechanisms and the influence of test and material parameters to 
be drawn.  
 
Concerning the transport mechanism of self-surface diffusion of the embrittling species 
to the crack tip, additional characterisation of crack propagation should be performed. 
One suggestion is to open the cracks and evaluate the fracture surface. Previous studies 
have found traces of the embrittling species on the fracture surface by using Auger 
Electron Spectroscopy (AES) analysis [17, 20] or Secondary-Ion Mass Spectroscopy 
(SIMS) [17], techniques that would be of value in the present project for detecting 
copper or gold on the fracture surfaces. In addition, the fracture surface is interesting 
with respect to the different theories of how adsorption affects the crack tip. Lynch 
[26, 35-38] observed plastic zones and dimples on MIE fracture surfaces, supporting 
his theory of dislocation nucleation at the crack tip because of adsorption. Hence it is 
suggested that the fracture surfaces should be examined in a high resolution SEM to 
evaluate if such fracture features are present on the fracture surfaces of the materials 
investigated. Moreover, complementary studies of fracture surfaces resulting from 
overload would provide information on the fracture behaviour of the materials 
investigated, which would be useful information when evaluating the SMIE fracture 
surfaces.  
 
It would also be interesting to compare the EBSD results for Ti-8Al-1Mo-1V with 
Ti-6Al-2Sn-4Zr-2Mo and the result of SMIE caused by copper with that for gold. By 
comparing the results, features and trends for certain alloys, embrittling species may be 
defined, which will be useful for the understanding of the mechanisms involved.  
 

6.3 Test method 
The validity of the test method used requires further evaluation. The test method used 
in the present work included several reference environments that all suggest that the 
method is valid for SMIE evaluation. The stress distribution in this kind of test, 
however, is not controlled, which means that embrittlement cannot be related to a 
specific value of tensile stress. To enable further conclusions to be drawn on how the 
stress level affects the SMIE susceptibility, which is important particularly for fracture 
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critical components in the aerospace industry, one should perform complementary 
studies using pre-cracked specimens under static and dynamic loading. 
 
Another parameter to consider is the thickness of the coating of embrittling species. 
By varying the thickness of the layer one could evaluate the amount of embrittling 
species necessary to assist SMIE. This would be of interest particularly when 
evaluating the risk of using copper electrodes in the welding process, since the amount 
of wear debris is probably restricted. Finally additional tests carried out in vacuum are 
necessary to clarify how air (oxygen) contributes to the SMIE results obtained through 
oxidation of the copper layer. 
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Solid Metal Induced Embrittlement of Titanium Alloys in Contact with Copper 
 
Pia Åkerfeldt1, Robert Pederson1,2, Marta-Lena Antti1 
 
1Division of Engineering Materials, Luleå University of Technology, S-97181 Luleå, Sweden 
2Department of Materials Technology, Volvo Aero Corporation, S-46181 Trollhättan, Sweden 
 
Solid Metal Induced Embrittlement (SMIE) is caused by a specific combination of a susceptible alloy, tensile stress and a solid metal. Solid copper is 
commonly used in various manufacturing processes, e.g. in welding electrodes and clamping fixtures, during the manufacturing and handling of titanium 
alloy parts for the aerospace industry. An initial study indicated that copper in contact with titanium could lead to SMIE and was the reason for initiating the 
current work. Three titanium alloys; Ti-8Al-1Mo-1V, Ti-6Al-2Sn-4Zr-2Mo and Ti-6Al-4V, have been evaluated with respect to SMIE in contact with 
copper. The evaluation was carried out by using a modified U-bend test method adapted from SAE ARP 1795, a standard used for Stress-Corrosion 
Cracking (SCC) evaluation of titanium alloys in contact with cleaning solutions. Gold was also investigated in order to validate the reliability of the test 
method since it has been reported that titanium alloys undergo SMIE in contact with solid gold. The results show that both Ti-8Al-1Mo-1V and Ti-6Al-2Sn-
4Zr-2Mo are susceptible to SMIE in contact with copper whereas SMIE was not observed with Ti-6Al-4V.  
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1. Introduction 
 A specific combination of a susceptible alloy, tensile 
stress and an environment can lead to cracking of various 
types. Most frequently discussed are stress-corrosion 
cracking and hydrogen embrittlement, but as awareness 
increases, attention has also been given to metal induced 
embrittlement. 

There are two types of metal induced embrittlement: 
liquid metal embrittlement, which occurs above the melting 
temperature, Tm, of the embrittling metal and solid metal 
induced embrittlement (SMIE), which occurs below Tm

1,2). 
In the present study, SMIE is investigated and discussed. 
Failures within the industry resulting from SMIE are not as 
frequently reported as liquid metal embrittlement but do 
occur, for example when an embrittling metal is resistance-
heated and in intimate contact with a susceptible alloy3). 
However, the mechanisms behind SMIE are not fully 
understood but are believed to be a combined action of 
surface self-diffusion to crack tips and adsorption at crack 
tips of the embrittling species1,3).  

SMIE is highly dependent on service temperature since 
surface self-diffusion is involved, i.e. the cracking rate 
increases with increasing temperature. In general, cracking 
resulting from SMIE is expected to occur at or above a 
homologous temperature of 0.5 (T/Tm), where T is the 
service temperature4) (T and Tm in degrees Kelvin). 
However, cracking at lower temperatures has been 
observed for titanium alloys in contact with silver and 
gold5), at a homologous temperature of 0.38, but the effect 
of external materials is under debate since the rates are not 
consistent with surface self-diffusion transport of 
embrittling species1).   

Titanium alloys are to a large extent used for parts and 
components within the aerospace industry6) where joining 
of titanium parts can be accomplished by resistance 
welding. In that case, titanium alloys are in intimate contact 
with solid copper as the copper electrodes resistively heat 
the titanium alloy under pressure during the welding 
process. SMIE of titanium alloys in contact with solid 
copper has been studied previously 5,7,8). D.N. Meyn7) and 
R.E. Stoltz et al.5) did not observe any cracking after 
copper contact in Ti-6Al-4V at 148°C and Ti-6Al-6V-2Sn 
at 287°C. D.-X. Liu et al.8), on the other hand, observed 

cracking in Ti-6.5Al-3.5Mo-1.5Zr-0.3Si at 500°C, but not 
at 300°C or 400°C. SMIE of titanium alloys has been 
observed in several environments, see Table 1. It has been 
suggested that environments that lead to liquid metal 
embrittlement also lead to SMIE2,9), which imply that 
mercury4) should be added to the list of SMIE 
environments.  

The risk of using copper for resistance welding 
electrodes when welding titanium alloys has not been 
reported in literature. In the present study, an investigation 
has been carried out in order to survey the influence of 
copper on different titanium alloys. 
 
Table 1. Reported SMIE environments for different titanium alloys. 

 

Alloy SMIE environments 
 

Ti-6Al-4V 
 

Cd7,10) 
 

Ti-8Al-1Mo-1V 
 

Cd7,10) 
 

Ti-3Al-14V-11Cr 
 

Cd2,7) 
 

Ti-6Al-6V-2Sn 
 

Cd5), Ag5), Au5) 
 

Ti-6.5Al-3.5Mo-1.5Zr-0.3Si 
 

Cu8) 

 
 
2. Experimental Procedure 
 The SMIE evaluation was accomplished by using a U-
bend test method and three batches of specimens were 
evaluated. The experimental setup for each batch is listed 
in Table 2. For each combination of alloy and 
environment, three specimens were examined for cracking. 
 
Table 2. The experimental setup of the evaluated batches with respect 

to embrittling environment and alloy composition. 
 

Batch Embrittling 
environment 

Alloys 
 
 

1 
 
 

Copper paste 
 
 

Ti-6Al-4V 
Ti-8Al-1Mo-1V 

 
 

2 
 
 

Copper paste, solid Au, 
and solid Cu 

 
 

Ti-6Al-4V 
Ti-8Al-1Mo-1V 

 
 

3 
 
 

Solid Au and solid Cu 
 
 

Ti-6Al-4V 
Ti-8Al-1Mo-1V 

Ti-6Al-2Sn-4Zr-2Mo 
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In order to evaluate the influence of alloy composition, 

three alloys were tested. The composition and condition of 
the sheets investigated were in accordance with AMS4911 
(Ti-6Al-4V), AMS4916 (Ti-8Al-1Mo-1V) and AMS4919 
(Ti-6Al-2Sn-4Zr-2Mo).  In batches 1 and 2, Ti-6Al-4V and 
Ti-8Al-1Mo-1V were tested to represent an alpha-beta 
alloy and a near alpha alloy, respectively. In batch 3 an 
additional near alpha alloy was included, Ti-6Al-2Sn-4Zr-
2Mo, which was chosen because of its importance in 
aerospace industry applications.    
 
2.1 U-bend test method 
 The method used is a modified standard test method 
adapted from SAE ARP 179511), which is normally used to 
evaluate stress-corrosion cracking of titanium alloys by 
aircraft engine cleaning materials.    
 The specimens were cut parallel to the rolling direction 
to dimensions of 75x19x1.25 mm. At each side, 13 mm 
from the edge, in the center as shown in Figure 1A, a 7 
mm diameter hole was drilled. To remove surface 
contaminants and oxides, the two sides of the specimens 
were mechanically ground with 240 and 600 silicon 
carbide paper. The specimens were thereafter handled 
using cotton gloves throughout the experimental procedure.  
 Bending was performed in two steps separated by a 
cleaning operation. First, the specimens were preformed in 
a vice to an unrestrained angle of 65°, see Figure 1B. 
Thereafter all specimens were cleaned in a cleaning 
solution containing 35vol% nitric acid, 3vol% hydrofluoric 
acid and reagent water for 20 seconds and finally rinsed in 
reagent water and left to dry in air. The final U-bend shape, 
see Figure 1C, was achieved by bending the free ends with 
a vice to d=16.5 mm and fixed with a clean stainless steel 
bolt, nut and washers. Finally, the specimens were loaded 
by a final adjustment of the bolts to d=13.5 mm, as per the 
standard.  
 

 
Figure 1. Schematic illustration of the method used to achieve the U-bend 
shape of the test specimens.  
 
 

Depending on the environment, the specimens were 
either sputtered with a solid metal, as illustrated with a 
dashed line in Figure 1D, or immersed in a sodium 
chloride solution. Depending on the sputtering time, 
current and type of solid metal, the thickness of the 
sputtered layer was between 50-100 nm. For those that 
were immersed in a sodium chloride solution, the 

specimens were hung to dry before continuing the 
procedure. 
 After exposure to the environment the specimens were 
heat-treated in an air circulation furnace for 8 hours at 
480°C and left to air-cool before the bolt restraints were 
removed. Thereafter the specimens were immersed a 
second time in the cleaning solution for 20 seconds and 
rinsed in tap water and left to dry in air.    
 In each specimen a cross section was carefully cut along 
the U-bend shape, see Figure 1E. Finally each cross 
section was mounted, ground and polished by conventional 
methods before metallographic examination. Specimens 
that did not show any cracks, were re-ground, re-polished 
and re-examined in stages of 1 mm. 
 
2.4 Environments 
 Four environments have been evaluated in this study: (i) 
untreated control specimens that were not exposed to any 
environment; (ii) specimens immersed in a sodium chloride 
solution containing 3wt% sodium chloride and reagent 
water; (iii) specimens sputtered with solid gold; (iv) solid 
copper; (v) specimens with copper paste. The acceptability 
of the test method was established by (i)-(iii). A successful 
test should not show any cracking in (i), whilst cracking 
should be observed for (ii) according to the standard and 
(iii) in order to validate the test method for SMIE 
examinations. Sputtered gold was chosen as a SMIE 
reference environment since R.E. Stoltz et al.5) have 
reported cracking of Ti-6Al-6V-2Sn in contact with gold at 
287°C. To begin with, in batches 1 and 2, the effect of 
copper was studied by smearing copper paste onto the 
surface of the specimen. CRC copper paste was used, a 
high temperature lubricant based on micronized copper 
powder in a mixture of synergetic anti-oxidant, anti-
corrosion and anti-wear additives suspended in a premium 
grade stable oil12); the specific ingredients and amounts are 
unknown.  
 
2.5 Examination of specimens 
 Metallographic examination of the specimens was 
carried out in a light optical microscope (LOM) and in a 
scanning electron microscope (SEM). Cracking was first 
located and observed in the LOM; the outer radius of the 
U-bend shape was carefully evaluated, magnifications up 
to 500x were used. A final examination was performed in 
the SEM in backscattering mode; the cracks were studied 
in detail at magnifications up to 2000x. Energy dispersive 
spectroscopy (EDS) was also used in order to locate copper 
particles, if visible, in the SEM. The captured SEM images 
were in some cases combined into a single picture using 
software in order to obtain an overview image of the 
cracks.  
 
3. Results 

The results from the three batches are summarized in 
Table 3. Acceptability of the test method was established 
using environments (i)-(iii), i.e. no cracks were found in 
the untreated control specimens, whilst cracking was 
observed for specimens immersed in the sodium chloride 
solution and sputtered with solid gold. One exception was 
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Ti-6Al-4V, where no cracking could be observed in contact 
with solid gold. 

The effect of copper was studied in two types of 
environment; copper paste and solid copper. For both 
environments, no cracking was observed for Ti-6Al-4V, 
see typical appearance of surface in contact with solid 
copper in Figure 2A. Ti-8Al-1Mo-1V, in contrast, showed 
susceptibility to cracking in contact with both copper paste 
and solid copper; see Ti-8Al-1Mo-1V in contact with solid 
copper in Figure 2B and copper paste in Figure 3. EDS 
studies of the cracking caused by copper paste revealed a 
copper particle (indicated by arrow in Figure 3) at the 
crack initiation site. Cracking could also be observed for 
Ti-6Al-2Sn-4Zr-2Mo in contact with solid copper, see 
Figure 2C.  

For those specimens with a number of cracks, a tendency 
for crack concentration could be seen in the bending zone 
of the U-bend. However, cracks were also found in the area 
between the bending zone and the holes where the bolts 
were restrained.  

 

 
Figure 3. Cracking of Ti-8Al-1Mo-1V resulting from copper paste being 
smeared onto the specimen surface and a heat treatment at 480°C for 8 
hours. Arrow indicates a copper particle located at the crack initiation 
site.  
 
 
4. Discussion 

In order to evaluate the different titanium alloys with 
respect to SMIE, a standard test method for stress-
corrosion cracking was used. The method was considered 
as valid for SMIE since cracking was observed for both 
solid gold and copper, whilst no cracking was observed for 
the untreated specimens. It should however be noted that 
the possible embrittlement contribution from hydrogen 
embrittlement was neglected. S.P. Lynch1) proposed that 
crack growth could occur initially by SMIE and continue 
by hydrogen embrittlement or stress-corrosion cracking, 
which could also be the case in the present study.  
However, with respect to the uncertainty in this matter, 
cracking was evaluated in a yes or no manner.  

 In the U-bend test, a wide range of stress levels are 
generated: the highest stresses are found in the bending 
zone whereas lower stress levels are present at the legs of 
the U-bend. A tendency for higher crack concentration 
near the bending zone could be explained by the stress 
distribution in the U-bend as it has been reported that e.g. 
stress raisers increase embrittlement2). The presence of 
cracks in the legs indicates that SMIE can occur at quite 
low stresses, which is important to appreciate when the 
effect of resistance welding is discussed, concerning 
residual stresses. 

Copper and gold have in this study been shown to 
embrittle two near alpha titanium alloys, but no alpha-beta 
alloy. The titanium alloy composition influences the 

 Table 3. Result of the SMIE testing  
Environment Ti-8Al-1Mo-1V Ti-6Al-2Sn-4Zr-2Mo Ti-6Al-4V 
  Untreated No cracking No cracking No cracking 

NaCl-solution Cracking Cracking Cracking 
Solid gold Cracking Cracking No cracking 

Solid copper Cracking Cracking No cracking
Copper paste Cracking N/A No cracking 

 

 
Figure 2. Observed effect of copper contact at 480°C for 8 hours; (A) no 
cracking was observed for Ti-6Al-4V; (B) and (C) shows cracking for Ti-
8Al-1Mo-1V and Ti-6Al-2Sn-4Zr-2Mo respectively.  
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susceptibility to stress-corrosion cracking and it has been 
reported that high amounts of alpha stabilizing elements, 
such as aluminium or tin, increase the cracking 
susceptibility6,13), which agrees with the current findings. It 
is believed that the mechanisms of metal induced 
embrittlement are similar to those of stress-corrosion 
cracking and hydrogen embrittlement2,4), but since these 
mechanisms are not well understood further conclusions 
cannot be drawn. The alloy composition dependence 
observed however emphasizes the similarities between 
stress-corrosion cracking and SMIE.  

Copper paste was evaluated in batches 1 and 2, in which 
Ti-8Al-1Mo-1V experienced cracking. Copper was 
detected on the surface at the initiation site of the crack, 
which indicates that copper probably was in intimate 
contact with Ti-8Al-1Mo-1V, a prerequisite for 
embrittlement to occur2,4). On the other hand, the precise 
effect of copper in this case is somewhat unclear since it 
could well stem from the lubricant ingredients, i.e. that 
stress-corrosion cracking was induced. This was the reason 
why sputtered solid metal was used in batches 2 and 3, to 
ensure intimate contact between the embrittling metal and 
the alloy and no influence from other external matters. 

The SMIE susceptibility shown in this study is consistent 
with the homologous temperature at which SMIE is 
expected to occur i.e. 0.5. The conditions of solid gold and 
copper evaluated here correspond to homologous 
temperatures of 0.56 and 0.55, respectively. Assuming that 
0.5 is a reasonable threshold value for SMIE, 
embrittlement would occur at around 400°C for gold and 
copper (396°C for gold and 406°C for copper).  

Regarding resistance welding with copper electrodes, 
more tests need to be carried out before the effect can be 
completely understood 

 
5. Conclusions 
 The results indicate that copper in contact with certain 
titanium alloys can lead to SMIE and that the susceptibility 
tends to be dependent on alloy composition. The following 
conclusions can be drawn:  

• An adapted test method based on SAE ARP 1795 
can be used to evaluate SMIE susceptibility. 
• Copper and gold do not result in SMIE in Ti-6Al-4V 
when exposed to a temperature of 480°C for 8 hours. 
• Ti-8Al-1Mo-1V and Ti-6Al-2Sn-4Zr-2Mo are 
susceptible to SMIE when in contact with solid gold or 
solid copper at 480°C for 8 hours. 

 
Acknowledgement 

The authors would like to thank the Graduate School of 
Space Technology and Volvo Aero Corporation for 
encouraging and supporting the work. Financial support 
from the Swedish Program of Aeronautical Technology, 
NFFP, is also appreciated. 
 
REFERENCES 
1) S.P. Lynch, Mater. Charact. 1992; 28: pp. 279-289. 
2) M.H. Kamdar, J. Electrochem. Soc. India. 1988; 37: pp. 53-59.  
3) S.P. Lynch, Mater. Sci. Eng. A, 1989; 108: pp 203-212. 
4) S.P. Lynch, J. Fail. Anal. Prev. 2008; 8: pp. 259-274. 
5) R.E. Stoltz and R.H. Stulen, Corrosion 1979; 35:4: pp.165-169. 

6) M.J. Donachie, Titanium: A Technical Guide (ASM International, 
Materials Park, OH, 2000) pp. 1, 128-130. 
7) D.A. Meyn, Corrosion 1973; 29:5: pp. 192-196 
8) D.-X. Liu, S.-M. Liu and G.-F. Fan, J. Aeronaut. Mater. 2006; 26:1 pp. 
1-5. 
9) D.G. Kolman, Solid Metal Induced Embrittlement, ASM Handbook 
Volume 13A – Corrosion: Fundamentals, Testing and Protection, ed. by 
S.D. Cramer and B.S. Covino  (ASM International 2003) pp. 393-397. 
10) D.N. Fager and W.F. Spurr, Corrosion 1970; 26:10: pp. 409-419. 
11) SAE (1984) ARP 1795A, Stress corrosion of titanium alloys: Effect of 
cleaning agents on aircraft engine materials (SAE International, 
Warrendale, 1984) 
12) Technical data sheet: CRC Copper Paste, 2010 (CRC Industries 
Europe, Zele, Belgium, 2010) 
13) R.W. Schutz, Stress-Corrosion Cracking of Titanium Alloys, Stress-
corrosion cracking, ed. by R.H. Jones (ASM International, Materials Park, 
OH, 1992) pp. 265-297.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

 

 

 

 

 

 

 
PAPER B 

  



 

 

 
 



 
 
 
 
 
 

Investigation of the influence of copper welding electrodes on 
Ti-8Al-1Mo-1V and Ti-6Al-2Sn-4Zr-2Mo with respect to solid 
metal induced embrittlement 

P Åkerfeldt1, R Pederson1,2 and M-L Antti1 
1Division of Materials Science, Luleå University of Technology, S-97181 Luleå, 
Sweden 
2Department of Materials Technology, Volvo Aero Corporation, S-46181 Trollhättan, 
Sweden 
 
E-mail: pia.akerfeldt@ltu.se 
 
Abstract. Solid Metal Induced Embrittlement (SMIE) is caused by a specific combination of 
two solid metals in intimate contact. Cadmium, gold, silver and copper are known to cause 
SMIE in certain titanium alloys. Solid copper is used in welding electrodes and fixtures in 
various manufacturing processes for titanium parts within the aerospace industry. In the case of 
resistance welding, titanium alloys are in intimate contact with solid copper, since the 
electrodes resistively heat the titanium part under pressure during the welding process. No 
previous published work that investigates the risk of using copper electrodes for welding of 
titanium alloys is available in the literature, but an initial study using U-bend testing indicates 
that solid copper in contact with Ti-8Al-1V-1Mo and Ti-6Al-2Sn-4Zr-2Mo could lead to 
SMIE. Therefore, in the present study, resistance welded Ti-8Al-1V-1Mo and Ti-6Al-2Sn-4Zr-
2Mo have been evaluated to investigate the influence of copper electrodes on these alloys. 
Furthermore, resistance welded specimens sputtered with copper and gold to promote SMIE 
have also been evaluated. No SMIE was found in the resistance welded specimens, which may 
be explained by the short interaction time that the copper electrodes are in intimate contact 
with the titanium alloy, and/or the magnitude of residual stresses after welding, which may be 
too low to initiate SMIE.  

1. Introduction 
One of the joining methods that can be used for titanium components within the aerospace industry is 
seam welding. In seam welding the welding electrodes, commonly made of copper, press overlapping 
work pieces together and heat them to the welding temperature to form one of the nuggets in a seam 
weld [1]. However, there are doubts about the influence of the copper electrodes on the titanium work 
piece; recently the authors found that two near alpha alloys were susceptible to solid metal induced 
embrittlement (SMIE) in contact with solid copper [2]. For SMIE to occur, two solid metals must be in 
intimate contact with each other [3-8], which is the case for the copper electrodes and the titanium part 
during the seam welding process, and which could be the case when the copper electrode degrades if 
wear debris becomes attached to the titanium part. However, there are other important parameters as 
well, e.g. the temperature, holding time and surface condition. The mechanism of SMIE is believed to 
be a combination of surface self-diffusion of the embrittling species to the crack tip and adsorption of 
the embrittling species at the crack tip [3-5], see figure 1. Surface self-diffusion is assumed to be the 
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transport mechanism since its diffusion rates are fast enough to be consistent with cracking lengths at 
the temperatures studied [5,6,9-10] compared with vacancy and grain boundary diffusion. Concerning 
how the adsorption affects the crack tip, the details are not fully understood but in general it is agreed 
that the adsorption weakens the crack tip. The two main theories are (1) adsorption reduces the stress 
required for tensile separation of the atom at the crack tip leading to decohesion [8,11-13] and (2) 
adsorption facilitates the nucleation or egress of dislocations at crack tip [5, 14-16].  
 
The mechanism of SMIE susceptibility is rather complex to model, but experimental studies indicate 
that cracking resulting from SMIE is expected to occur above a homologous temperature (T/Tm) of 0.5 
[6], where T is the service temperature and Tm the melting temperature of the embrittling species (K). 
For titanium alloys, SMIE has been observed in contact with the embrittling species listed in table 1. 
 

Table 1. Titanium alloys and embrittling species reported. 

Alloy Embrittling species 

Ti-3Al-14V-11Cr Cd [3,17] 

Ti-6Al-4V Cd [17,18] 

Ti-6Al-6V-2Sn Ag [19], Au [19], Cd [19] 

Ti-6Al-2Sn-4Zr-2Mo Au [2], Cu [2] 

Ti-6.5Al-3.5Mo-1.5Zr-0.3Si Cu [20] 

Ti-8Al-1Mo-1V Au [2], Cd [17,18], Cu [2] 

 
In the present paper, the influence of copper welding electrodes on two titanium alloys has been 
evaluated and discussed. Although failures by SMIE are rare in industry, it does occur, partly because 
of the lack of awareness of SMIE. This study is made in close collaboration with the aerospace 
industry to increase understanding and knowledge of SMIE.  
 
 
 

 
 

Figure 1. Illustration of surface self-diffusion of embrittling metal atoms to crack tip and adsorption of 
atom “A” at crack tip under the tensile stress . 
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2. Materials and method  
 
2.1. Materials 
Two near alpha alloys were evaluated; Ti-8Al-1Mo-1V and Ti-6Al-2Sn-4Zr-2Mo, both of which have 
been shown to be susceptible to SMIE in contact with copper and gold in a previous study [2]. The 
microstructure of the near alpha alloys investigated mainly consists of alpha grains surrounded by a 
small amount of beta phase. This kind of microstructure is typical in sheet material of these alloys. 
The condition and composition of the sheets evaluated here are in accordance with AMS4916J [21] 
(Ti-8Al-1Mo-1V) and AMS4919F [22] (Ti-6Al-2Sn-4Zr-2Mo).  
 
2.2. Welding procedure 
The sheets were seam welded by using resistance welding equipment with wheel-shaped electrodes, 
made of copper, see figure 2(a). The seam weld can be divided into nuggets that represent one welding 
cycle, as shown in the cross-section of a seam weld (the nugget) in figure 2(b). A welding cycle 
comprises the time for which the electrodes are in contact with the work piece, including the set-up 
time (the time taken to achieve the correct mechanical pressure) and the cooling time. In the present 
study, one nugget was made using two weld impulses of 160 ms, with a total welding cycle of 2160 
ms. The sheets were cut to 75x19x1.25 (±0.25) mm parallel to the rolling direction, and the seam weld 
was made in the middle of the sheet, see figure 2(c). 
 
2.3. Test procedure 
The main parts of the test procedure were adapted from SAE ARP 1795A [23], which is a standard U-
bend test method normally used to evaluate stress-corrosion cracking of titanium alloys caused by 
aircraft cleaning materials. However, the seam welded specimens were not U-bent since the aim was 
to evaluate the residual stresses from the weld itself. To avoid contamination or embrittlement caused 
by other sources, the specimens were immersed in a cleaning solution containing 35vol% nitric acid, 

(a) 

 

 (b) 

 

(c)  

 
 

Figure 2. (a) Wheel-shaped copper electrodes, (b) cross-section of a seam weld etched with Kroll’s 
reagent showing the nugget, and (c) typical appearance of seam-welded sheets.  
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3vol% hydrofluoric acid and reagent water for 20 seconds, then rinsed in reagent water and left to air 
dry. The specimens were thereafter carefully handled with cotton gloves throughout the experimental 
procedure. Three conditions were evaluated: seam welded specimens sputtered with either i) copper or 
ii) gold, and iii) specimens that had only been seam welded. The intention with the sputtered copper 
and gold was to promote embrittlement by guaranteeing the presence of embrittling species. Both 
copper and gold have, in previous studies, been shown to embrittle titanium alloys, see table 1. 
Depending on the sputtering time, current and type of solid metal, the thickness of the sputtered layer 
was between 50-100 nm.  

The subsequent heat treatment was carried out according to two procedures. One batch of specimens 
was heat treated at 480°C for 8 hours and acid pickled according to SAE ARP 1795A [23]. The other 
batch was heat treated at 593°C for 2 hours and acid pickled according to a process route used in the 
aerospace industry. A summary of the alloys evaluated, conditions and heat treatments can be found in 
table 2. 
 
Following heat treatment and acid pickling, all specimens were carefully cut along and across the 
seam weld, as indicated by the arrows in figure 3, to produce two cross-sections along the weld length 

Table 2. Alloys tested, conditions and heat treatments. 

Alloy Condition Temperature [°C] / Duration [hours] 

Ti-8Al-1Mo-1V Seam welded 480 / 8 

593 / 2 

Seam welded + copper 480 / 8 

593 / 2 

Seam welded + gold 480 / 8 

593 / 2 

Ti-6Al-2Sn-4Zr-2Mo Seam welded 480 / 8 

593 / 2 

Seam welded + copper 480 / 8 

593 / 2 

Seam welded + gold 480 / 8 

593 / 2 

 
 

Figure 3. Schematic sketch of the cross-sections evaluated. The 
dashed lines and arrows illustrate the locations of the re-ground and 
re-polished cross sections.  
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and three cross-sections across the weld width. The cross-sections were mounted, ground and polished 
using conventional methods for titanium alloys. The evaluation of the cross-sections was carried out in 
a light optical microscope at 500x. If no crack was observed, the mounts were reground and re-
polished to a depth of approximately 1 mm, as indicated by the dashed lines and arrows in figure 3. 
 
3. Results and discussion 
No indication of SMIE caused by the copper electrodes was observed in seam welded Ti-8Al-1Mo-1V 
or Ti-6Al-2Sn-4Zr-2Mo, neither was any SMIE observed in the specimens sputtered with copper and 
gold. All specimens were re-ground, re-polished and re-examined several times without displaying any 
indication of SMIE. 
 
If one considers the homologous temperature (T/Tm) above which SMIE is expected to occur (0.5), 
SMIE caused by copper has a threshold temperature of 406°C. During seam welding the contact 
surface of the copper electrodes was heated to approximately 900°C (T/Tm = 0.86), i.e. to a much 
higher temperature than the threshold temperature. However, the electrodes were in contact with the 
titanium work piece for a very short time (320 ms), resulting in negligible diffusion. During the 
welding operation, the copper electrodes also degrade, resulting in wear debris, which could attach to 
the surface of the titanium work piece - this was experimentally studied by sputtering copper onto the 
surface of the test specimens. After welding, the sheets are normally stress relieved and so the test 
specimens in the present study were also stress relieved. In this study, the stress relieving treatments 
were performed at 480°C (T/Tm=0.55) for 8 hours or at 593°C (T/Tm=0.64) for 2 hours depending on 
the batch. The diffusion that occurs during heat treatment can be estimated by calculating a 
characteristic diffusion length. The surface self-diffusion coefficient (Ds) for copper depends strongly 
on the surrounding atmosphere; in an oxygen atmosphere the pre-exponential diffusion coefficient 
(D0) is 0.15 cm2/s, and the activation energy (Q) is 75 kJ/mol [24]. The surface self-diffusion 
coefficients (Ds) at 480°C and 593°C are thus calculated to be 9.4×10-7 and 4.5×10-6 cm2/s, 
respectively using a form of the Arrhenius equation [25]: 
 
     Ds = D0 exp(−Q /RT)                        (1) 
 
A characteristic diffusion length may then be calculated using the random-walk diffusion equation [4-
5, 18]: 
 

             tDx s2=           (2) 

 
where t is time (s). Assuming that the oxygen atmosphere is a valid approximation for air, the present 
holding times (t) would result in characteristic diffusion lengths of 0.0023 m (480°C, 8h) and 0.0025 
m (593°C, 2h), which are sufficient to cause severe embrittlement.  
 
Whilst no cracking was observed in the seam welded specimens, cracking was observed after 480°C 
for 8 hours in the U-bend test [2] for both Ti-8Al-1Mo-1V and Ti-6Al-2Sn-4Zr-2Mo that had copper 
or gold sputtered onto the surfaces. One of the prerequisites for SMIE is tensile stress, which in this 
study is expected to be generated by the seam welding process itself. Since the work piece is heated to 
the welding temperature, the material undergoes thermal expansion, which is restrained by cooler 
adjacent material, resulting in both tensile (in the weld) and compressive (adjacent to the weld) 
residual stresses. The stress distribution may be different in the seam weld since the weld consists of 
several small spot welds. In addition, the distribution and size of the residual stresses are also 
dependent on the alloy in question, phase transformations that occur, cooling rate, peak temperature, 
and grain size [26] and are therefore difficult to predict. In the present study, the seam welded 
specimens were evaluated in two orientations to cover at least two possible crack growth directions - 
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along and across the seam weld - see figure 3. However, even if the residual stresses induced by 
welding attain the yield stress in some cases, it is supposed that the stress levels in the present study 
were less than those observed in previous U-bend tests [2] since the sheets in the U-bend tests 
experience plastic deformation as they are bent. It should on the other hand be noted that in the U-
bend test, severe cracking was observed in the low stress region at the legs of the U-bend in Ti-6Al-
2Sn-4Zr-2Mo in contact with copper, see figure 4, indicating that SMIE may also occur at stress levels 
lower than the yield stress. 
  
Titanium alloys are known for their ability to form a stable protective oxide surface layer when 
exposed to air [27]. In this study, the oxide layer was largely removed by acid pickling prior to 
sputtering and/or heat treatment, but since titanium alloys are highly reactive a new oxide layer is 
instantly formed when exposed to air. Thus, during intimate contact between the two solid metals, for 
crack initiation to occur the oxide must be ruptured either mechanically or chemically. This also 
emphasises the role of tensile stress, which can tear apart the oxide film and maintain intimate contact 
of the embrittling species with the exposed titanium at the crack tip. The inhibition of transport and 
adsorption processes of the embrittling species because of the oxide layer has been observed by Fager 
and Spurr [18], who studied SMIE of titanium alloys in contact with cadmium. The oxide layer could 
explain why no embrittlement was observed for the seam welded specimen, i.e. the tensile stresses 
were too low. Further, SMIE in the U-bend specimens may be explained by a higher stress level, even 
when compared with the low stress region in the legs of U-bend samples. In addition to the threshold 
temperature, a threshold stress level above which SMIE is more likely to occur is believed to exist.  
 
Concerning the applicability of seam welding of titanium alloys in the aerospace industry, there are 
additional parameters to consider before establishing the influence of copper electrodes or copper 
debris on SMIE in titanium alloys. First, one must consider the influence of additional forces that 
could increase the tensile stress and thereby increase the susceptibility to SMIE. Secondly, cyclic 
forces must be considered; tests have so far only been carried out with static forces. 
 
4. Conclusions 
No cracks were found in the seam welded specimens, which could be explained by the absence of 
copper in the weld. However, since no cracks were found neither in the seam welded specimens 
sputtered with copper or gold, it can be concluded that the absence of copper was not the reason for 
the absence of embrittlement in the present study. Therefore, it can be concluded that the residual 
stresses generated by the seam welding operation itself are insufficient to induce cracks through SMIE 
in Ti-8Al-1Mo-1V and Ti-6Al-2Sn-4Zr-2Mo. 

 
 

Figure 4. SMIE observed in Ti-6Al-2Sn-4Zr-2Mo in contact with copper, showing cracking located 
in the low-stress area at the legs of the U-bend shape [2]. 
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Abstract 
Solid metal induced embrittlement (SMIE) occurs when a metal experiences tensile stress and is in contact with 
another solid metal with a lower melting temperature. SMIE is believed to be a combined action of surface self-
diffusion of the embrittling species to the crack tip and adsorption of the embrittling species at the crack tip, 
which weakens the crack tip region. In the present study, both SMIE of the near alpha alloy Ti-8Al-1Mo-1V in 
contact with copper and its influence on crystallographic orientation have been studied. U-bend specimens 
coated with copper were heat treated at 480°C for 8 hours. One of the cracks was examined in detail using 
electron backscatter diffraction technique. A preferable crack path was found along high angle grain boundaries 
with grains oriented close to [0001] in the crack direction; this indicates that there is a connection between the 
SMIE crack characteristics and the crystallographic orientation.  
 
 
1. Introduction 
Metal induced embrittlement (MIE) can occur when a metal experiences tensile stress and is 
in contact with a metal of lower melting temperature. What distinguishes MIE is that 
normally ductile metals become brittle in contact with metals under certain conditions [1] and 
that the degradation is often undetected until the catastrophic failure occurs [2]. There are two 
types of MIE: embrittlement that occurs above the melting temperature of the embrittling 
metal (Tm), referred to as liquid metal embrittlement, and embrittlement that occurs below Tm, 
known as solid metal induced embrittlement (SMIE) [1, 3, 4]. SMIE has been investigated in 
the present study. 
 
The essential condition for SMIE to occur is intimate contact between the embrittling metal 
and the metal substrate [2, 4-8]. In order to promote SMIE, any oxides present must first be 
removed either chemically or mechanically. The service temperature and the amount of 
tensile stress present are also influencing parameters; below certain threshold values, SMIE is 
not expected to take place [1, 5, 9, 10]. The crack propagation rate of SMIE increases with 
increasing temperature, and is highest just below Tm [4, 6, 9]. However, the severity of SMIE 
is also dependent on the distance between the source of the embrittling species and the crack 
tip. If embrittling species are present as inclusions the crack propagation rate has been found 
to be high [4, 7], whilst severity is expected to decrease with increasing crack length when 
embrittling species are present as thin films on the surface [7]. The mechanism of SMIE is 
believed to be a combination of surface self-diffusion of the embrittling species to the crack 
tip [3, 7, 11, 12] and adsorption of the embrittling species at crack tip [4, 5, 7, 11]. It is 
generally agreed that adsorption of the embrittling metal leads to a weakening of the crack tip, 
but exactly how adsorption affects the crack propagation is not fully understood. Two 
principal theories are: (1) chemisorption reduces the stress required for tensile separation of 
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the atoms at the crack tip leading to decohesion [1, 13-15], and (2) chemisorption facilitates 
the nucleation or egress of dislocations at the crack tip [11, 16-19].  
 
SMIE of titanium alloys in contact with the following solid materials has been observed: 
silver, gold, copper and cadmium, see Table 1. In 1965 Duttweiler et al. [20] concluded that 
the failure of titanium compressor discs resulted from SMIE caused by silver chloride. 
Additional studies showed that Ti-5Al-2.5Sn, Ti-8Al-1Mo-1V and Ti-7Al-4Mo alloys all 
exhibited SMIE when in contact with solid silver. Embrittlement caused by solid silver has 
also been studied by Stoltz and Stulen [21], who observed SMIE of Ti-6Al-6V-2Sn in contact 
with solid silver, gold and cadmium. Meyn [22], and Fager and Spurr [10] have reported 
SMIE caused by cadmium in contact with Ti-8Al-1Mo-1V, Ti-6Al-4V and Ti-3Al-14V-11Cr. 
Most recently however, the influence of solid copper has been studied; Liu [23] reported in 
2006 that solid copper caused SMIE of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si. The present work is a 
continuation of a previous study of SMIE in Ti-6Al-2Sn-4Zr-2Mo and Ti-8Al-1Mo-1V in 
contact with copper and gold [24]. Although SMIE has been observed in previous studies, 
crack propagation behaviour in relation to crystallographic orientation has not been evaluated; 
this is the aim of the present study.  
 

Table 1. Previous investigations of titanium alloys and embrittling species. 
Alloy Solid embrittling species 
Ti-5Al-2.5Sn Ag [20] 
Ti-8Al-1Mo-1V Ag [20], Au [24] Cd [22], Cu [24] 
Ti-6Al-4V Cd [22] 
Ti-6Al-6V-2Sn Ag [21], Au [21], Cd [21] 
Ti-6Al-2Sn-4Zr-2Mo Au [24], Cu [24] 
Ti-6.5Al-3.5Mo-1.5Zr-0.3Si Cu [23] 
Ti-7Al-4Mo Ag [20] 
Ti-3Al-14V-11Cr Cd [22] 

 
2. Materials and Methods 
A U-bend test was used to evaluate SMIE of Ti-8Al-1Mo-1V in contact with copper. The 
sheet material, condition and composition were in accordance with AMS4916J [25] and were 
statically loaded by U-bending, and then coated with 0.05-0.1 μm solid copper using 
sputtering technique. Specimens were subsequently heat treated at 480°C for 8 hours; details 
of the test method can be found in previous work [24]. Principal metallographic examination 
was performed in a light optical microscope at 500x magnification. The outer surface of the 
cross-section of the U-bend shape was examined for cracking and the locations of the 
observed cracks noted.  
 
Specimens exhibiting cracking were further examined in a scanning electron microscope 
(SEM, LEO 1550 Gemini FEG-SEM). The cracks were studied by using backscattered 
electron imaging (BSE) with high contrast, which allowed the alpha and beta phases to be 
discriminated by compositional contrast without etching. Electron backscatter diffraction 
(EBSD), a characterisation technique employed in the SEM, was used to determine the local 
crystallographic orientation and the texture of the area of interest along the crack propagation 
path in a specimen. For EBSD mapping an HKL Channel-5 EBSD system with a Nordlys II 
detector was used. Two orientation maps were acquired at 5000x magnification with an 
accelerating voltage of 20 kV and a step size of 200 nm. An average noise reduction of four 
neighbours was applied.  
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3. Results 
In Figure 1 a), the BSE image of a typical crack path is shown. Alpha and beta phase can 
clearly be discriminated by the compositional contrast as grey and white, respectively. For a 
better understanding of the crack propagation characteristics, EBSD measurements were 
performed along the crack path. To the right in Figure 1, band contrast images are shown 
obtained at area A and B, which clearly shows that the crack is mainly propagating along the 
grain boundaries. 
 

 
Two orientation maps were acquired along the crack path and in the respective inverse pole 
figures in Y-direction, the orientations of the grains along the crack were found to be close to 
[0001]. In Figure 2 a), the orientation maps given in inverse pole figure scheme are stitched 
together to create a map including the whole crack path. According to the inverse pole figure 
colour scheme given in Figure 3, the grains with the orientation close to [0001] are coloured 
red. In the phase map (Figure 2 b)), the alpha and the beta phases are coloured blue and red, 
respectively, and the orientations of the grains along the crack path represented by the unit 

a) b) 

 
 

Figure 1. a) The typical appearance of the SMIE of Ti-8Al-1Mo-1V in contact with copper 
and b) the band contrast images of area A and B indicating how the crack is propagating 
along the grain boundaries. 
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cell. The grain boundaries in the orientation map in Figure 2 a) are defined by the degree of 
misorientation (θ) between two neighbouring pixels. The high-angle grain boundaries (θ>10°) 
are given as black lines while the low-angle boundaries (3°<θ<10°) by white lines. The EBSD 
results indicate that the crack path is following high-angle grain boundaries and there is a 
tendency of the crack to propagate along [0001]-oriented grains (along Y-direction). 
 
           a) b) 

 
Figure 2. a) Orientation map in inverse pole figure colour code and b) phase map with grain 
orientations along the crack path represented by their respective unit cells. 
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Figure 3. Inverse pole figure colour scheme used for the orientation map in Figure 2.
 
 
4. Discussion 
Metals with hcp (hexagonal close-packed) crystallographic structure such as alpha titanium 
(see grey phase in Figure 1), normally fracture by cleavage fracture [26]. In this study the 
crack growth path was found to be intergranular, which itself is a clear indication that there is 
an influence of an embrittling environment. The crack propagates along grain boundaries, 
perpendicular to the surface and loading direction, i.e. in a direction towards high stress 
levels. The embrittling environment in the present study was solid copper. During heat 
treatment in air at 480°C however, the copper layer oxidises and consequently the embrittling 
species closest to the titanium surface are in the form of CuO, Cu2O, and Cu, see Figure 4. 
Because of the strong reducing properties of titanium, the copper oxide closest to the titanium 
surface is probably reduced to form titanium oxide and copper:  
 
  2Cu2O(s) + Ti(s)   4Cu(s) + TiO2(s)    (1) 

 
 

Figure 4. The assumed surface composition after heat treatment in air. 
 
Once the crack is initiated, the embrittling species is believed to be transported by surface 
self-diffusion to the crack tip and adsorption of the embrittling species at the crack tip 
weakens the crack tip region. In previous work the characteristic diffusion length of copper 
for 8 hours at 480°C, has been calculated to be 2300 μm [27]. Hence, the diffusion length is 
longer than the crack length observed in the experimental study. When comparing the 
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characteristic diffusion length with the experimental crack length however, one should also 
consider the incubation time and the fact that the experimental crack is following a serrated 
path making the crack much longer than what it first appears as. In addition the amount of 
copper available for surface self-diffusion needs to be taken into account since the presence of 
copper at the crack tip is crucial for crack growth to occur. The relationship between crack 
length and amount of copper available can be estimated using the following simple 
stoichiometric calculation. Assume that the crack is two-dimensional and that the copper 
atoms originate from a layer of copper atoms 10 μm wide (w) and 0.05 μm thick (t) at the 
surface. Moreover, assume that the crack wall are covered with at least five atom layers of 
copper, this to sustain the SMIE crack propagation rate. Thus, at least ten atom layers (N) are 
required along our two-dimensional crack. The estimated crack length, Lcrack, can then be 
calculated: 
 
     (2) 
  
where the diameter of a copper atom (d) being 0.00256 μm. Thus, with an estimated thickness 
of sputtered copper layer of 0.05 – 0.1 μm, the calculated stoichiometric crack length lies 
between 200 and 400 μm. Taking the diffusion rate and availability of copper atoms into 
consideration, the transport mechanism of surface self-diffusion appears to be applicable for 
the present results.  
  
The mechanism of adsorption at the crack tip is complex. It is generally agreed that 
chemisorption of the embrittling species weakens the crack tip region, but exactly how is 
debatable [1, 17]. The result of this EBSD study shows that the crack propagates principally 
along high-angle grain boundaries, which is in agreement with theories of adsorption: the 
thermodynamic driving force for adsorption is the reduction in surface free energy, which is 
larger for high-angle grain boundaries [28]. However, when the orientation of grains along the 
crack path is considered, a favourable crack growth is observed along grains oriented close to 
[0001] in Y-direction (see Figure 2). A possible reason may be the coordination number of 
the bulk atoms, which influences surface energy. Along the crack there is a layer of copper 
and copper oxides, see Figure 5, and at the interface of the crack tip both oxygen and copper 
atoms bond to the titanium lattice. In the present study, several grains along the crack are 
oriented with  parallel to the local crack path direction. When comparing the 

coordination number of bulk atoms in (0001) with , the surface free energy of (0001) is 
lower because it is more densely packed. Hence, adsorption of copper is more likely to occur 
on , since the driving force (potential reduction in energy) is higher. In addition, 
oxygen atoms are attracted to octahedral interstices in the hcp crystallographic structure, 
which are available in the crystallographic structure oriented . Thus by considering the 

atomic configuration in , adsorption of both copper and oxygen atoms is more likely to 
occur in that plane than in others such as (0001).  
 
 
 
 
 
 
 

(0110)

(0110)

(0110)

(0110)

(0110)
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a) b) 

  
 

Figure 5. a) Schematic illustration of the crack wall and b) the crack tip. Copper (and 
oxygen) enters the crack by surface self-diffusion and at the crack tip the copper atom “A” is 
adsorbed. The crack growth occurs under the tensile stress σ. 
 
Another contributing reason to favourable crack growth along grains oriented close to [0001] 
in the crack direction (Y) could originate in the crystallography of titanium (alpha) and copper 
having hcp and fcc (face-centred cubic) structure, respectively. Studies of grain boundary 
segregation report that some grain boundaries are more prone to the segregation than others. 
Partly that is explained by the orientation relationship, that grain boundaries with preferable 
crystallography in relation to the segregate may be able to accommodate more segregates 
[29]. However, the work carried out in this area is limited, and no previous work has been 
done in this respect regard to SMIE of titanium. When studying hcp and fcc systems, four 
principal orientation relationships can be predicted [30], see Figure 6, corresponding to the 
directions and planes in the hcp unit cell as given in Figure 7. 
 

A:      1120⎡
⎣

⎤
⎦hcp

110[ ] fcc    , 0002( )hcp / 111( )
fcc

 

B:      1120⎡
⎣

⎤
⎦hcp

110[ ] fcc    , 1101( )
hcp
/ 111( )

fcc
 

C:      1010⎡
⎣

⎤
⎦hcp

112[ ] fcc    , 1210( )
hcp
/ 220( )

fcc
 

D:      1010⎡
⎣

⎤
⎦hcp

112[ ] fcc    , 0002( )hcp / 111( )
fcc

 
 

Figure 6. Four predicted orientation relationships between 
the hcp (alpha titanium) and fcc (copper) systems. 
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a) b) 

  
 

Figure 7. Orientation relationships in the hcp unit cell: a) directions and b) planes. 
 
With regard to SMIE, the orientation relationship could influence the crack path by attracting 
copper atoms to sites where they can adopt a structure similar to fcc. In Figure 2 b), the crack 
path can be found along grains oriented in the directions 1010⎡

⎣
⎤
⎦  or 1120⎡

⎣
⎤
⎦ relative to the crack 

path, with one exception in the middle of the orientation map where the crack has propagated 
through a low angle boundary and across another grain, both oriented with (0001) parallel to 
the crack direction. However, the tendency of a favourable crack growth along grains 
orientated in the directions and relative to the crack path corresponds well with 

the hcp directions listed in the orientation relationships in Figure 6. For instance, when 
 is parallel to 112[ ]  and 0002( ) is aligned with 111( )  there is an orientation relationship 

between the hcp and the fcc crystallographic structure. Accordingly, for that specific 
crystallographic orientation, the atomic misfit between hcp and fcc is low, which enables the 
copper atoms may adopt a structure similar to fcc. Hence, as with segregation, a certain grain 
boundary orientation could attract and accommodate more copper, than another resulting in a 
heterogeneous distribution of copper atoms and thereby the crack growth might be preferable 
in certain directions.  
 
However, it is important to realise the complexity of adsorption; there are several theories that 
describe how the embrittling species weakens the crack tip region. The influence of 
adsorption on the crack tip will depend on the strength of adsorption, which in turn is 
dependent on several parameters, such as the surface energy and the solubility of the 
embrittling species in the matrix. Moreover, one should also keep in mind that the atomic 
bonds at the crack tip in the vicinity of atom “A” in Figure 5 b), are strained by the tensile 
stress σ.  Therefore, when the crack advances, crack growth is a result of both local stress and 
weakening of atomic bonds because of adsorption; depending on their magnitudes, the crack 
tip may experience either decohesion or dislocation emission. 
 
 
 

1010⎡
⎣

⎤
⎦ 1120⎡

⎣
⎤
⎦

1010⎡
⎣

⎤
⎦
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5. Conclusions 
The results of the present study agree with theories of surface self-diffusion and adsorption. 
Based on the observations of crack propagation path in relation to crystallographic 
orientation, the following conclusions can be drawn: 

• Cracking in SMIE propagates principally along high-angle boundaries. 
• Cracks propagate preferably along [0001] oriented grains in the crack direction, 

indicating that additional parameters influence the SMIE crack characteristics. 
 
Acknowledgements 
The authors would like to acknowledge Volvo Aero Corporation for close collaboration and 
the graduate school in Space Technology for encouraging the project. Financial support from 
NFFP (the National Aviation Engineering Research Programme) is also highly appreciated.  
 

References 

[1] M. H. Kamdar, "Liquid metal embrittlement," in Treatise on Material Science and Technology, C. L. Briant 
and S. K. Banerji, Eds. London: Academic Press, 1983, pp. 362-362-455. 

[2] S. P. Lynch, "Failures of Structures and Components by Environmentally Assisted Cracking," Engineering 
Failure Analysis, vol. 1, pp. 77-90, 1994.  

[3] P. Gordon, "Metal induced embrittlement of metals - an evaluation of embrittler transport mechanisms," 
Metallurgical Transactions A, vol. 9, pp. 267-273, 1978.  

[4] S. P. Lynch, "Metal-induced embrittlement of materials," Materials Characterization, vol. 28, pp. 279-289, 
1992.  

[5] M. H. Kamdar, "Solid metal induced embrittlement of metals," in Proc. of 6th International Conference on 
Fracture in New Delhi, India, 1985, pp. 3837-3849. 

[6] M. H. Kamdar, "Solid metal induced embrittlement," Journal of the Electrochemical Society, vol. 37, pp. 53-
59, 1988.  

[7] S. P. Lynch, "Failures of structures and components by metal-induced embrittlement," Journal of Failure 
Analysis and Prevention, vol. 8, pp. 259-274, 2008.  

[8] S. P. Lynch, "Failures of Engineering Components Due to Environmentally Assisted Cracking," Practical 
Failure Analysis, vol. 3, pp. 33-42, 2003.  

[9] D. G. Kolman, "Solid metal induced embrittlement," in ASM Handbook, S. D. Cramer and B. S. Convino, 
Eds. ASM International, 2003, . 

[10] D. N. Fager and W. F. Spurr, "Solid cadmium embrittlement: Titanium alloys," Corrosion, vol. 26, pp. 409-
419, 1970.  

[11] S. P. Lynch, "Solid-metal-induced embrittlement of aluminium alloys and other materials," Materials 
Science and Engineering: A, vol. 108, pp. 203-212, 1989.  

[12] J. C. Lynn, W. R. Warke and P. Gordon, "Solid metal-induced embrittlement of steel," Materials Science 
and Engineering: A, vol. 18, pp. 51-62, 1975.  

[13] A. R. C. Westwood and M. H. Kamdar, "Concerning liquid metal embrittlement, particularly of zinc 
monocrystals by mercury," The Philosophical Magazine, vol. 8, pp. 787-804, 1963.  



 10

[14] N. S. Stoloff and T. L. Johnston, "Crack propagation in a liquid metal environment," Acta Metallurgica, 
vol. 11, 1963.  

[15] A. R. C. Westwood, C. M. Preece and M. H. Kamdar, "Application of a crack propagation criterion to 
liquid-metal embrittlement; cleavage of aluminium monocrystals in liquid gallium," Transactions of the 
American Society for Metals (ASM), vol. 60, pp. 723-725, 1967.  

[16] S. P. Lynch, "Liquid-metal embrittlement in an Al 6%Zn 3%Mg alloy," Acta Materialia, vol. 29, pp. 324-
340, 1981.  

[17] S. P. Lynch, "Metal-induced embrittlement of ductile materials and dislocation emission from crack tips," 
Scripta Metallurgica, vol. 18, pp. 509-513, 1984.  

[18] S. P. Lynch, "Mechanisms of fatigue and environmentally assisted fatigue," in Fatigue Mechanisms, J. T. 
Fong, Ed. Philadelphia: American society for testing and materials, 1979, pp. 175. 

[19] S. P. Lynch, "Effect of environment on fracture - mechanisms of liquid-metal embrittlement, stress-
corrosion cracking and corrosion-fatigue," in Advances in Research on the Strength and Fracture of Materials, 
Waterloo, 1978, . 

[20] R. E. Duttweiler, R. R. Wagner and K. C. Antony, "An investigation of stress-corrosion failures in titanium 
compressor components," in Stress-Corrosion Cracking of Titanium: A Symposium Presented at the Fifth 
Pacific Area National Meeting, Washington: ASTM, 1965, pp. 152-178. 

[21] R. E. Stoltz and R. H. Stulen, "Solid metal embrittlement of Ti-6Al-6V-2Sn by cadmium, silver and gold," 
Corrosion, vol. 35, pp. 165-169, 1979.  

[22] D. A. Meyn, "Solid Cadmium Cracking of Titanium Alloys," Corrosion, vol. 29, pp. 192-196, 1973.  

[23] D. Liu, "Investigation on behavior of solid copper-induced embrittlement of titanium alloy," Hangkong 
Cailiao Xuebao, vol. 26, pp. 1-5, 2006.  

[24] P. Åkerfeldt, R. Pederson and M. Antti, "Solid metal induced embrittlement of titanium alloys in contact 
with copper," in Proc. of The 12th World Conference on Titanium (Ti-2011) in Beijing, China, 2011. 

[25] AMS 4916J, "Titanium alloy sheet, strip and plate 8Al-1Mo-1V, duplex annealed," SAE Aerospace, 2006.  

[26] V. A. Joshi, Titanium Alloys - an Atlas of Structures and Fracture Features. Boca Raton, FL: Taylor and 
Francis Group, 2006. 

[27] P. Åkerfeldt, R. Pederson and M. Antti, "Investigation of the influence of copper welding electrodes on ti-
8Al-1Mo-1V and ti-6Al-2Sn-4Zr-2Mo with respect to solid metal induced embrittlement," in Proc. of The 6th 
EEIGM International Conference on Advanced Materials Research in Nancy, France, 2011. 

[28] P. G. Shewmon, "Grain boundary cracking," Metallurgical and Materials Transactions: A, vol. 29A, pp. 
1535-1544, 1998.  

[29] C. L. Briant, "Grain Boundary structure, chemistry, and failure," Materials Science and Technology, vol. 
17, pp. 1317-1323, 2001.  

[30] M. -. Zhang, S. -. Chen, H. -. Ren and P. M. Kelly, "Crystallography of the simple HCP/FCC system," 
Metallurgical and Materials Transactions: A, vol. 39A, pp. 1077-1086, 2008.  

  







<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Impact
    /LucidaConsole
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


