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Abstract 

This paper presents a metallurgical analysis of damage occurred in heat 

exchanger tubes of nickel alloy (Ni-200) used for vaporizing titanium tetrachloride 

(TiCl4). The tubes had undergone a dual environmental condition with heating water 

steam inside and liquidous TiCl4 outside. Several investigations were conducted to 

identify the potential failure mechanism. Such investigations included visual 

examination and microstructural characterization via optical microscopy and 

scanning electron microscopy (SEM) equipped with energy dispersive X-ray analyzer 

(EDX). Investigations extended also to the mechanical characterization of the tube 

materials through hardness and tensile testing. The results of hardness and tensile 

tests showed that the bent tubes had sustained strain hardening, which can act as 

potential sites of corrosion. SEM and EDX investigations revealed that the damaged 

sections had corrosion product layers rich in sulfur. However, cavitation corrosion 

was found to be the main corrosion form shown in the damaged tubes. It is 

recommended to keep TiCl4 liquid at high pressure values so that the vapor bubbles 

are not formed. Also, the sulfur content in the TiCl4 must be kept at very low levels. 

 

Introduction 

Nickel is well known as one of the most important 

metals and has wide applications due to its good 

mechanical properties and its high corrosion 

resistance in aggressive atmospheres and most of 

corrosive media. Its high corrosion resistance is due to 

formation of a protective passive film in neutral, near 

neutral and alkaline media. Nickel is highly resistant to 

corrosion by steam as a result of formation of 

protective passive film on its surface [1,2,3]. However, 

its corrosion resistance decreases in steam containing 

carbon dioxide and air [4]. Nickel has ultra corrosion 

resistance to titanium chloride melts. It has been 

reported that Ni has superior corrosion resistance for 

titanium chlorides over titanium, molybdenum, 

stainless steel alloys, and higher-chromium super 

alloys [5,6]. 

Various degradation mechanisms are 

characterized in heat exchangers due to interaction 

between the metal, the environment (inside and 

outside the tubes), and the mechanical conditions 

[7,8,9]. The failure of a heat exchanger raises 

questions about the cause of failure, which one or 

more of four main causes; corrosion, mechanical, 

mechanical induced corrosion, or scale- mud- and 

algae-fouling [10]. The corrosion of heat exchangers 

has been reported to be in general corrosion form or 

many localized corrosion forms such as galvanic 

corrosion, pitting, intergranular corrosion, crevice 

corrosion, microbiologically influenced corrosion 

(MIC), erosion corrosion, stress corrosion cracking 

(SCC), hydrogen embrittlement, etc [11]. 

Operating conditions  

The applied Ni-200 alloy tubes are annealed at 

800C after production and bended at Cristal Yanbu 

site by cold bending process to U-form. The 

manufactured tube bundle is utilized in titanium 

tetrachloride (TiCl4) vaporizer without heat treatment 

after bending. The typical chemical composition of the 

Ni-200 tubes is listed in Table 1 compared with the 

nominal composition according to ASTM B13. 

The tube bundle is immersed in a fluid of TiCl4, 

containing AlCl3 ≤ 1.5 wt.%, SnCl4 ≤ 0.7 wt.%, and 
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sulfur with contents range between 40 ppm and 90 

ppm. Fig. 1 represents the tube bundle vaporizer in 

which the liquid TiCl4 enters from the inlet nozzle in 

the bottom at 128 oC and leaves as vapor at 166 oC 

from the outlet nozzle at the top of vaporizer. Inside 

the Ni-200 alloy tubes, steam is flowing at a 

temperature of 202 oC and a pressure of 15 barg 

(absolute pressure as per gauge reading) with flow 

rate of 1050 kg/hr. 

Field observations  

It has been found that the tubes were undergoing 

damage in forms of severe pattern of pitting, leakage, 

and fracture. The tubes that encountered damage 

were in the top rows at the bending region in the 

upper left side in the vaporizer, see Fig. 1. The damage 

mode and fracture due to thinning after attack of the 

tubes at the bending region are shown in Fig. 2. 

      h1: optimum liquid level               P1: pressure at h1 

h2: reduction in liquid level  P2: pressure at h2 

 

Fig. 1: schematic drawing of titanium tetrachloride 

vaporizer 

 

Experimental work 

Inspection methods were conducted on Ni-200 

alloy tubes, as received and after failure, including 

visual observation, hardness measurements, 

elemental analysis, and microstructural investigations 

by optical microscopy (OM) and scanning electron 

microscopy (SEM) equipped with EDX. 

Tensile and hardness tests were conducted on 

some samples after service, as well as, on the new Ni-

200 tubes.  

 

Table 1: Typical chemical composition of the Ni-200 alloy 

compared with the nominal composition.  

Element (wt. 

%) 
Ni Cu Fe Mn C Si S 

Typical 99.01 0.14 0.21 0.22 0.13 0.30 0.01 

Nominal 

(ASTM B13) 

99 

min 

0.25 

max 

0.40 

max 

0.35 

max 

0.15 

max 

0.35 

max 

0.01 

max 

 

  

(a)                                        (b) 

Fig. 2: Damage mode (a) and fracture after thinning 

(b) on the tubes at the bending region. 

 

tensile test was conducted on test samples taken 

from the straight part of the used U-formed tube (Fig. 

3), using the Universal testing machine Type Instron 

4210 (300 kN). The full tube (=19 05 mm and wall 

thickness T = 2.77 mm) was used for tensile testing. A 

whole sample length of at least 150 mm was used, 

where at least 50 mm has been inserted in each grip 

and the test length was 50 mm according to ASTM 

A370. The machine speed was 0.015 mm/s which 

corresponds to the quasi-static strain rate (~ 0.001 s-

1). To avoid slipping or folding of the tube on gripping 

by the tensile testing machine, a steel rod with a 

diameter just smaller than the internal diameter of 

the tube was inserted in the tube with a length equal 

to the gripping length to avoid crushing of the tube, as 

recommended by ASTM A370 . Three samples of each 

the old and the new tube materials were tested.   

Samples for hardness test were taken from three 

regions in the U-formed tube as shown in Fig. 3; at the 

start of curvature (0), at the mid-way of the curve 

(45), and at the nose (90) of the U-formed tube. The 

hardness tests were conducted using a low-load 

Vickers hardness tester with a load of 300 g and dwell 

time of 30 s. 

 

Fig. 3: U-form bent tube showing some dimensions 

and the location of the taken samples for hardness 

test (at 0°, 45°, and 90°).  

 

The microstructure was investigated using the 

Quanta FEG 250 scanning electron microscopy (SEM) 

equipped with EDX and EBSD systems. EDX analysis for 

elemental and phase maps was carried out using a 

scan step size of 0.3 µm. 
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Results and Discussion 

Visual Inspection 

Damaged parts were cut from heat exchanger. Fig. 

4 shows deteriorated part of the tube at the bended 

region. The surface suffered from attack resulting in 

rough topography, while the outer bent fibers showed 

severe thinning leading to repeated holes as shown in 

Fig. 4b. The holes are elongated with the length of the 

tube coinciding with the thinned outer fiber of the 

bent tube. 

Tensile and hardness results 

Tensile stress-strain curves of the new samples 

and the after-service tube samples are shown in Fig. 

5. The service life of the old tube samples is around 6 

months. The after-service tensile samples showed a 

clear scattering in the stress-strain curves due to 

differences in the damage occurred in the tubes, while 

the new samples revealed a considerable 

resemblance in the tensile stress-strain curves 

obtained. Table 2 shows the average tensile test 

results of the new and the after-service samples. 

However, the after-service properties showed a clear 

decrease of the properties due to the damage 

occurred after the service life.  

Hardness testing was applied on the bent tubes to 

show the effect of bending on the bent region, which 

may cause strain hardening and consequently residual 

stresses compared with the un-formed tube. 

Fig. 6 shows the results of Vickers’s hardness 

testing on new and old tubes as well as at different 

positions of the bent tubes. The results showed a 

notable decrease in the hardness of old tube 

compared to the new one. For the formed tubes, it is 

clear that decreasing the bend radius has led to higher 

hardness values that can be accompanied with higher 

residual stresses. The top part of the hardness 

columns in Fig. 6 represents the standard deviation, 

which was high in the samples from the regions (0) 

and (90). At these regions the scattering of the 

hardness results was significant due to the differences 

in strain hardening on the outer wall of the tube 

(tensile side) at differentially deformed positions over 

the curved part of the tubes. The residual stresses are 

tensile on the outer tube wall fibers of bending 

curvature and compressive on fibers of the inner 

curvature. 

The broadly increasing in the hardness values with 

the decrease in bend radius indicates that the tube 

material “Ni-200 alloy” is very strain hardening 

sensitive, as shown from the tensile stress-strain 

curves, Fig. 5; The alloy started to yield at about 135 

MPa and hardened with the strain to reach nearly four 

times of the yield stress at the ultimate tensile stress 

of 511 MPa. Because of the absence of subsequent 

annealing to the forming process, differential material 

stability due to the different hardening conditions can 

represent a potential site for corrosion. 

 
 

Fig. 4: (a) holes in the damaged pipes at the bended 

area (b) turning the pipe in 90 and zoom in to the fully 

damaged. 

 

Table 2: Average tensile test results of the new and 

after service tube samples.  

Sample 
Yield stress 

0.2% (MPa) 

Strength 

Rm (MPa) 

Strain 

fr (%) 

As-received tubes  138.5 511.3 48.1 

Standard Deviation 12.58 1 1.15 

After-service 87.5 376.5 35.65 

Standard Deviation 5.86 12.5 0.75 

Decrease in 

properties (%) 
36.8 26.4 25.9 

 

 

Fig. 5:  Stress-strain curves of the tested new and after 

service Ni-200 tube.  

 

Microstructure investigation 

The optical observation of as received Ni-200 alloy 

(Fig. 7) shows a grained structure with relatively low 

twinning density. The grain size was around 35 m. 

Twinning are clearly seen in some grains. This type of 

defect is often observed in metal and alloys with FCC 

structures. Twins in Ni-200 alloy under investigation 

are confined inside the grains, in contrarily to 

annealing twins that are characterized by straight 
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lines extending across the grain boundaries [11]. Ni-

200 alloy has been reported to have a single phase 

and has a microstructure similar to that of austenitic 

stainless steel [12]. 

 

 

Fig. 6: Hardness distribution with error bar at different 

positions on the radius of curvature of the bent tubes 

(at 0°, 45°, 90°) as shown in Fig.3. 

 

  

Fig. 7: Optical micrograph of the Ni 200 alloy. 

 

Fig. 8 reveals SEM images at different sites of the 

damaged tube. Fig. 8a shows a region, which is slightly 

attacked at the outer surface, while Figs. 8b-d display 

severely attacked regions that led to thinning of the 

tube wall. At many regions, the corrosion damage 

caused separation of metal crusts from the outer 

tube. 

Fig. 9 illustrates the EDX elemental analysis of 

corroded outer area in the tube. The EDX line analysis 

through the corroded area (Fig. 9c) shows that S is 

significantly enriched in the corrosion product, 

together with a noticeable presence of O. The major 

presence of Ni and S is ascribed due to the corrosion 

product of NiS, and the appearance of O in the 

analysis has been assigned to sulfide oxidation as a 

consequence of air exposure before the EDX analysis 

[13]. This has been evidenced by the presence of 

nickel sulfate as a result of exposure of NiS corrosion 

layer to air [13]. 

 

 

 

Fig. 8: SEM of polished longitudinal section through a 

damaged tube walls with different degree of attack. 

 

 

Fig. 9: (a) SEM of polished longitudinal section in the 

damaged tube wall, (b) higher magnification of attacked 

area near the tube surface, and (c) EDX line scan through 

the attacked region. 

      NiS has been found to be formed when Ni and Ni alloys 

are exposed to sulfur species-contained solutions. NiS is a 

porous film and has no passivation characters. It is 

reported that the adsorbed S species catalysis the 

dissolution of Ni and inhibits its passivation [13,14]. S 

species can be found as HS- or H2S in acidic solutions and 

as metastable S2O3
2- or stable SO4

2- anions in neutral and 

alkaline solutions [15]. Moreover, S and Cl species, in 

chloride-contained solutions, can interact with the passive 

film/solution interface; they have a combined effect on 

film degradation [15,16]. 

Failure precursors and operating conditions 

Referring to the operating conditions, the TiCl4 

fluid reaches its highest temperature in the left side of 

vaporizer (Fig. 1) where it flowed for the longest path 

in contact with the heating tubes. Furthermore, TiCl4 

is exposed to a relatively higher heating surface 

density at U-bend tubes in the left side of the 

vaporizer. Thus, TiCl4 temperature is expected to 

increase in this region to temperatures equal to or 

higher than the boiling point of TiCl4. In addition to 

this increase in temperature, the decrease in the 

hydrostatic pressure to “P2” due to lowering of liquid 

TiCl4 level to “h2” (Fig. 1) can be less than the vapor 
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pressure of TiCl4. As a result, vapor bubbles are 

created and begin to rise up, yet the vapor bubbles 

collapse when they touch the side part of upper tubes 

resulting in cavitation corrosion, as seen in Fig. 2a. 

Vapor bubbles may also collapse by subsequent 

pressure increase. 

Cavitation corrosion causes breakdown of the 

passive film and rather results in attack on the base 

metal that leads to thinning of the tube reaching to its 

crack. The corrosion by sulfur is speculated to occur 

simultaneously as a lateral mechanism on the bottom 

of the cavities that act as anodic area free from the 

passive film. Furthermore, thinning of the tubes can 

lead to steam leakage that may result in hydrolysis of 

TiCl4 according to the equation [17]:  

TiCl4 + 2 H2O    TiO2 + 4 HCl 

Eventually, leakage of H2O results in an aqueous 

acidic medium, and furthermore it can react with S 

species forming H2S that reacts with Ni as stated in the 

reaction [13]: 

Ni + H2S    NiS + H2, 

and this can interpret formation of nickel sulfide as a 

corrosion product. 
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