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ABSTRACT 
Background: Tubes samples of austenitic stainless steel metal 321H serviced in a heating furnace 
belongs to a petroleum reforming unit were selected as a high tensile strength and good creep resistance 
material, these tubes in service for more than design life (about 290000 hr) under high temperature 
(570 oC). Objective: The objective of this work is to investigate the degradation in creep strength for the 
austenitic stainless steel tube metal throughout creep behavior and damage accumulation in metal 
microstructure, where the result of this investigation will be compared with the resulted data of non-
serviced samples of the same metal type and dimensions. Results:  The resulted data of accelerated 
creep rupture experiments that performed on the serviced and non-serviced stainless steel samples 
under test conditions of temperatures within range (700-750 oC) and stress within range (120-140 MPa) 
can be used in this investigation. These results shows that this type of metal alloy exhibits a reduction in 
creep strength after this long service life in comparisons with the non-serviced metal samples, the creep 
curves also reveal that the third stage of the serviced samples is the longest creep stages, while for the 
non-serviced samples the second stage is the longest. Also, microstructure of this metal shows that creep 
voids will start to nucleate on the grain boundaries at creep life around 60% of the creep rupture life. 
Conclusion: It is concluded that the degree of damage accumulated in metal structure as carbide 
precipitation and creep voids formatted on grain boundaries can be measured, hence, the remaining life 
of parts serviced above creep temperature of metal can be estimated using optical microscopic views. 
The result of long third stage of creep curve is an indication that the metal spent more than 60% of its 
life, beside another indication such as less primary elastic strain and a higher total strain accumulation. 
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INTRODUCTION 

 

Furnaces are used widely in petroleum downstream industry, especially in refining sector to heat up 

hydrocarbons up to the required temperature for the process, and can be represented as the heart of the process 

in such plants. Such equipment may continuously be running under high operating condition of temperature and 

pressure for long time exceeding their design life. The nominal life design for such furnaces is 100000 hr on the 

basis of standard API 530.  
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Permanent strains called creep strains can be accumulated especially when these parts service under creep 

temperature for these metals. The presence of applied stress in high temperature for long time can generate 

creep voids in large numbers on grain boundaries that attribute to give a plastic instability[1, 2]. The nucleation 

of creep voids in the structure of material is a random process and it depends on the stress and strain states 

strongly[3]. Cracks then can be formed in microscopic scale based on creep void growth and liked up, these 

cracks will coalesce with time to form macro cracks, which will result rupture. In most cases, fractured 

components do not exhibit any corrosion evident or thickness reduction around the fractured area. This will be 

an indication for the existence of the effect of aging and the presence of damage accumulation as a result to high 

temperature exposure for long time [4]. 

Austenitic stainless steels are commonly used in many engineering applications involving high temperature 

and corrosive media due to their high strength, high creep resistance, and good corrosion resistance[5]. AISI 

321H is a subset version from the austenitic stainless steel AISI 321, which contains Titanium (Ti) as stabilized 

element. 

Chromium atoms that depleted from the regions very close to grain boundaries can produce a sensitization 

in grain boundaries due to the precipitation of chromium carbide, particularly the type Cr23C6[6]. The addition of 

elements such as titanium and niobium in steel structure can avoid sensitization, as these elements has a strong 

attraction to carbon in caparison with chromium, which induce the formation of carbides inside grains [7]. It is 

recommended for austenitic stainless steel that will service in sensitization temperature (450-850 oC) to be 

stabilized previously by heat treatment at high temperature for a specified hold period to dissolve precipitated 

chromium carbide followed be a quick cooling to avoid re-precipitation, and this treatment will promote a fine 

precipitation of TiC or NbC carbides inside grains keeping chromium in solid solution during service at high 

temperature, in this way the creep resistance will be improved[8]. 

According to the published papers worked on subjects related to the austenitic stainless steel material type 

321 and type 321H, it is found that there are limited number deal with type 321[6-10], while a gap still exists in 

published papers studying the family branch type 321H.  

In this work, accelerated creep experiments were performed throughout increasing the test temperature and 

applied stress instead of the using of normal service conditions. Creep rupture tests were performed under 

temperature range (700-750 oC) and stress application within range (120-140 MPa). These tests were performed 

for the long-term service (about 290000 hr at temperature 570 oC) of austenitic stainless steel tube material type 

321H and the non-used tube of the same material type to investigate creep strength and creep damage 

accumulation inside the material as a results of long-life service under high temperatures. The accumulation of 

creep voids on grain boundaries and the microstructural features will be investigated using optical microscope 

by the interrupted creep test specimens in different life stages. 

 

2. Experimental Work: 

2.1 Material Chemical Analysis: 

Two different service life of austenitic stainless steel samples were investigated in this work, a non-used 

and used (serviced tube sample) material. The used samples belong to a Stripper Reboiler furnace / Naphtha 

HydrotreaterUnit, these samples are made according to ASTM standard A-312TP321H. The compositions of 

these samples including the elements percentage contents with their limitations according to the standard are 

listed in table 1. 

 
Table 1:ChemicalCompositions of used and non-used tubematerial in comparison with the standard one 

Materials C Si Mn Ni Cr Ti P S Fe 

A-312TP321H (standard)[12] 0.04-0.1 1.0 A 2.0 A 9 –12 17–19 H 0.045A 0.03A Rem. 

Non-Used  0.04 0.49 0.61 9.24 15.87 0.29 0.033 0.004 Rem. 

Used  0.061 0.3 1.66 11.34 15.94 0.43 0.016 0.016 Rem. 

 A:Maximum,   H:The Titanium content shall be not less than four times the carbon content and not more than 0.60%. 

 

2.2 Creep Specimens Perpetration: 

Standard flat (dog-bone shape) specimens were used for creep rupture experiments. Starting from the tubes 

which were cut longitudinally to strips with a specific width to extract these specimens from that tube 

samples.At this step,these strips will reserve their outside and inside curvatures. The next step is grinding 

process to remove the curved surfaces and get a flat strip with a specific thickness (3 mm) using grinding 

machine. The heat generation during machining was inhibited by using lubricant solution to keep the properties 

of the metal without changes. A wire cut machine thenwas used to have a dog-bone shape specimen from the 

flat strips, as shown in Fig (1). 
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Fig. 1:Preparation steps for creep test specimens (All dimensions are in mm) 

 

2.3 Creep Rupture Experiments: 

Test machine manufactured by (SATIC) Model JE (maximum capacity 10 ton) was used to carry out creep 

experiments on specimens with a constant uniaxial tension load. These specimens were maintained inside a 

furnace to provide a constant temperature, and deformation was measured during the test until rupture. The 

required constant tension load was applied as a dead weight by lever arm with ratio 20:1, this load will be 

transmitted through the upper griping arms to the specimen's hole via pin joint, keeping the other end fixed. One 

of the advantages of using pinhole type specimen is the axial load application; load will be applied through the 

centerline between holes. Fixtures for flat type specimens are made from a high temperature resistance 

alloyINCONEL-738, taking in consideration that these fixtures to be fitted in a Linear Variable Displacement 

Transducer(LVDT) to have a precise measurement of the extension with time, see Fig. (2 a). Creep testing 

machine is equipped with a furnace used to cover the whole assembly of specimen, specimen's fixtures, and 

Linear Variable Displacement Transducer(LVDT), Fig. (2 b).  

Creep tests for the used and the non-used specimens were performed up to rupture under three different test 

temperatures in the range between (700 to 750 oC). Also, each one of these tests was performed under three 

different load applications in the range (120 – 140 MPa). A number of the previous creep tests were repeated 

using the same test conditions and stopped at a rupture life percentage in the range between (50% - 90% of the 

rupture lives). The interrupted creep tests can be used in the microstructural analysis to figure out the 

microstructural alteration as a result of creep effect. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Creep Test Machine (a) Machine Body manufactured by SATIC (b) Linear Variable Displacement 

Transducer (LDVT) 
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2.4 Microstructural Analysis: 

Microstructural investigations for austenitic stainless steel material for the crept specimens were performed 

using optical microscope, as well as for the as received material to figure out any alteration in steel structure 

beside the development of creep voids as well as any carbide precipitation on grain boundaries and their 

distribution.  

Two samples from the reduced section of creep specimen were cut using precise cutting machine with 

cooling lubricant, one in transverse direction (cross section) and the other one in longitudinal direction. 

Chemical etchant Glyceregia which its composition contains 5 ml Glycerin, 15 ml Hydrochloric acid (HCl), and 

5 ml Nitric acid (HNO3) was used for etching the steel structure by sweeping for 30 second, this etchant gives a 

very good etch with clear and visible grain boundaries. 

 

RESULTS AND DISCUSSIONS 

 

The creep strain data resulted from the creep rupture tests can be represented on the same scale of strain-

time axis for different stress applications(120, 130, and 140 MPa) or for different test temperatures(700, 725, 

750 oC) as shown in Figs. (3)&(4), respectively. The non-used stainless steel showed a decreasing in rupture 

time as the applied stress increased, see Fig. (3), or as test temperature increased, see Fig. (4). The non-used 

stainless steel 321H exhibit a typical creep curve that contains three distinguished creep stages, while the longest 

stage is the secondary stage. 

It is possible to distinguish easily that increasing either temperature or stress results in increasing the rates 

of creep. As creep rates represent an important calculated parameter in creep phenomena. However, at creep 

temperature and accompanied with the existence of creep in a form of plastic deformation, both work hardening 

and annealing effects during creep stages take place. The value of creep strain rate changes locally at every point 

on creep curve, and it is ruled by the balancing state between the strain hardening and annealing effects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Creep rupture tests for non-used stainless steel at different applied stresses 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: Creep rupture tests for non-used stainless steel at different test temperatures 
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The results of the creep rupture tests for the serviced tube (290000hr) can be plotted as a strain-time curve 

for different stress applications (120, 130, and 140 MPa) as shown in Fig. (5)or at different test temperatures 

(700, 725, 750 oC) as shown in Fig. (6). The used stainless steel 321H material revealed that the time to rupture 

was decreased as the applied stress or the test temperature increased.The serviced material showed a 

distinguished tertiary creep stage which has the longest period of the three stages. The capability of steel to 

withstand the applied load will decrease starting from the tertiary stage as a result of the reduction in the area 

bearing the load, this reduction can be attributed to two main reasons, the first is the necking which starts to 

happen in this stage, and the second is the total sum for the creep voids accumulated in the alloy structure 

subtracted from the original cross-sectional area designed to withstand the applied load.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Creep rupture tests for used stainless steel at different applied stress 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: Creep ruptures tests for used stainless steel at different test temperatures 

 

In general, the used austenitic stainless steel 321H in its long time serviced samples manifested a decrease 

in rupture time in all the selected test conditions compared to the non-used samples, these lives were deceased 

by ratios (19.3%, 25.3%, and 37.8%)attest temperature 700 oC for stresses 120 MPa, 130 MPa, and 140 MPa 

respectively, see Fig. (7 a, b, c). It can be shown that the ratio of life reduction is increased as applied stress 

increased.   The decreasing in the rupture life of serviced samples is associated with decreases in material ability 

to extend elastically after load application; this is illustrated in the primary elastic strain values of the creep 

curves. Generally speaking, it is observed that the material will lose its properties due to the degradation that 

takes place during service in high temperature for long time. It is recognized from Fig (7 a, b, c) for the used 
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material that the onset of the last part of creep curves started early compared with the non-used samples and its 

life covering the major part of the curves which indicates that the damage was accumulated inside material 

structure. As known before, creep tertiary stage associated with dimensions and microstructural changes,such as 

precipitation and coarsening carbides on grain boundaries and void generation due to long service life associated 

with increased temperature under the effect of stress. Also, all the strain-time plots illustrate an increase in the 

value of the total strain (strain value at rupture) for the used material compared to the non-used one. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: Comparisons of creep curve behaviors between non-used and used at temperature 700 oC (a) 𝜎=120 MPa 

with life reduction ratio 19.3% (b) 𝜎=130 MPa with life reduction ratio 25.3% (c) 𝜎=140 MPa with life 

reduction ratio 37.8%. 

 

The microstructure of serviced sample in as received condition shows a fine carbide precipitated at 

austenite grain boundaries and within grains, see Fig. 8 (a). As the time of service is increased, the number of 

precipitated carbides on the grain boundaries increased in a form of line, as well as they grow in size, as shown 

in Fig. 8 (b & c). These carbides will be a source for the nucleation of creep cavities on grain boundaries, see 

Fig. 8 (d). As the alloy structure generates more creep voids along the grain boundaries during tertiary stage and 

these voids grow in size, as shown in Fig. 8 (e), the cross-sectional area of the materialthat withstands the 

applied stresses decreases which leads to increase the local stressand then rupture, see Fig. 8 (f).  

 

4. Conclusions and Future Work: 

In general, the measured rupture life for the serviced stainless steel reduced in comparison with the non-

used samples, the ratio for life reduction is depends on the test temperature and load application.It is concluded 

that austenitic stainless steel series 321H loss its creep strength due to that long service life under operating 

temperature about 570 oC. The creep curves at different test temperature exhibit a deviation from the standards 

of such curves where the onset of the tertiary creep stage start early showing a longest period of the three creep 

curve stages, this is a reflection for the damage that take place in metal structure. Also, the metal after service 

for long term shows a decreasing in the initial elastic strain which indicate to the lost in its ability to elongate 

elastically during the first time to apply the stress. On the other hand, the total strain accumulated that measured 

during creep rupture test at rupture point increased more than the strain accumulated in the non-used metal. 

It is found that creep cavities for this steel alloy start to be visible by optical micrograph at creep life 

percentage about 60% from the creep rupture life. As a result of this study, the damage accumulated inside 

metal represented as a creep cavity formation on grain boundaries. Primarily, chromium carbides type Cr23C6 

was precipitated on grain boundaries, and growing of these carbides with time causes the formation of creep 

cavities.    
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The resulted creep rupture datafor the austenitic stainless steel type 321H in this work can be utilized for the 

estimation of safe remaining life of equipment such as furnaces consist of tube coils made from this alloy when 

the service life beyond the design life need to be extended. 

For future this work can be extended by using of the finite element analysis packages as ABAQUS to have 

a simulation for the creep rupture experiment using the results of this work. Also, these results can be utilized to 

develop creep constitutive equations covering all creep curves parts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) as received material 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) after 50% of rupture life carbide precipitation in 

line on grain boundaries 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(c) after 60% rupture life precipitation in line and 

coarsened carbide on grain boundaries 

(d) creep cavity formation after 60% of rupture life 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(e) 80% of rupture life connected creep cavities  (f)near to fracture zone, creep cavities distribution 

 

Fig. 8:Microstructural alteration for the serviced austenitic stainless steel type 321H. 
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