
                                                
 
 
 
 
 
 

 
 
 

Final Draft  
of the original manuscript 
 
 
 
 
Wang, J.; Castro, C.; Zou, Y.; Wang, D.; Lu, X.:  
Investigation of prior austenite grain and delta ferrite in CLAM 
welded joints after different diffusion annealing processes.  
In: Fusion Engineering and Design. Vol. 159 (2020) 111815.  
 
 
First published online by Elsevier: 12.06.2020 
 
https://dx.doi.org/10.1016/j.fusengdes.2020.111815  

https://dx.doi.org/10.1016/j.fusengdes.2020.111815


1 

Investigation of Prior Austenite Grain and Delta Ferrite in CLAM 

Welded Joints After Different Diffusion Annealing Processes 

Jian Wang1, 2*, Camila Caroline de Castro3, Ying Zou1, Dan Wang4, 

Xiaofeng Lu1 

1 School of Mechanical and Power Engineering, Nanjing Tech University, 211816, 

Nanjing, China 

2 Jiangsu Key Laboratory of Process Enhancement & New Energy Equipment 

Technology, Nanjing Tech University, 211816, Nanjing, China 

3 Solid State Joining Processes (WMP), Materials Mechanics, Institute of Materials 

Research, Helmholtz Zentrum Geesthacht, 21502, Geesthacht, Germany 

4 Key Laboratory of Mechanics and Control of Mechanical Structures, Nanjing 

University of Aeronautics and Astronautics, 211100, Nanjing, China 

  

                                                             

* Corresponding author, Tel: +86 025 58139352 

Email: njjwang@njtech.edu.cn 



2 

Abstract 

CLAM steel is one of the structural material used in test blanket modules as a 

barrier or blanket for fusion reactors. Different diffusion annealing processes were 

employed in order to investigate the effect of δ-ferrite elimination and prior austenite 

grain coarsening. The results show that both alloying elements diffusion and 

microstructures coarsening during the diffusion annealing treatment influence the 

contents and morphologies of δ-ferrite. The polygonal blocky δ-ferrite and the coarse 

grains were determined as the main factors deteriorating the impact toughness for the 

CLAM welded joint. A CLAM welded joint with good impact toughness and 

appropriate microstructure in terms of grain size and δ-ferrite content was obtained after 

diffusion annealing process at 1100°C for 10 h. 
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1 Introduction 

The blanket is the most critical component for energy conversion in fusion reactors 

[1]. Many studies have been conducted on the blanket technology and the development 

of structural material, and reduced activation ferritic/martensitic (RAFM) steels such 

as Eurofer97 [2], F82H [3], 9Cr2WVTa [4], SIMP [5] and CLAM [6] steel have been 

demonstrated to be interesting candidates for this application due to their excellent 

characteristics on neutron irradiation and mechanical behavior. Among these materials, 

CLAM steel is considered as one of the structural material to be used in the Test Blanket 

Module (TBM) as a barrier or blanket adjacent to liquid LiPb in fusion reactors [7]. 

TBM is a complex box structure consisting of different sub-components, like first wall, 

breeder cassettes, cap plates, inlet/outlet pipes for coolant, amid others [8]. Welding 

techniques are indispensable processes to guarantee the appropriate assembly all these 

sub-components into the TBM. However, the welding of steels containing nickel for 

this application may be problematic considering that δ-ferrite is likely to emerge after 

fusion. Besides, the high cooling rate and high peak temperature associated to the 

welding thermal cycle also cause the δ-ferrite retention [9, 10].  

The formation of δ-ferrite during the welding and its amount influence the 

mechanical properties of welded structures. Zhang et al. [8] showed that the δ-ferrite 

content for the CLAM welded joint varies along the welding cycle, initially decreasing 

along the welding thermal cycle and subsequently increasing when the heat input value 

increases from 1.73kJ/mm to 2.41kJ/mm. Furthermore, Anderko et al. [11] identified 

that the impact toughness for the 9~12wt.% Cr heat resistance steel decreases for δ-

ferrite contents higher than 1vol.%. On the other hand, the δ-ferrite acts as a soft phase 

improving the impact toughness for contents of up to 3vol.%, as determined for Schäfer 

et al. [12]. The presence of δ-ferrite affects the crack behavior since it initiates and 

quickly propagates in the polygonal blocky δ-ferrite for the as showed by Wang et al. 

[13] in 9Cr2WVTa welded joint. Therefore, eliminating the formation of δ-ferrite 

during the welding process is a key and a scientific problem. 

Ferritic/austenitic transformation occurs in different levels and results in variations 
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such as austenite grain size and δ-ferrite content, which affects the subsequent 

formation of martensite [14]. Wang et al. [15] demonstrate for 13%Cr-4%Ni low carbon 

martensitic stainless steels samples that variances on diffusion annealing process 

parameters such as temperature (from 1250 to 1350°C) and time (from 1 to 20h) 

influence on the amount of δ-ferrite. Kim et al. [16] put forward the high temperature 

diffusion annealing process to eliminate the δ-ferrite due to Cr and C (contained in the 

δ-ferrite and martensite, respectively) diffusion during the process. This transformation 

results in microstructure coarsening, such as the prior austenite grains (PAGs) and 

martensite laths, and consequent deterioration of the mechanical properties. Hot 

deformation process is also an alternative to eliminate the δ-ferrite in 403 steel [17], 

although it is not suitable for the welding structure. In summary, the content of δ-ferrite 

can be controlled by the diffusion of alloying element via high temperature thermal 

processing. 

The high temperature diffusion annealing process influences the δ-ferrite contents 

and the PAGs sizes overall. δ-ferrite can be eliminated during heat treatment for 

temperatures higher than the γ→δ transformation temperature, in spite of the PAGs 

coarsening in the material which highly influences the samples’ mechanical properties. 

Smaller grains present a larger amount of blocks and packets, which act like multiple 

“barriers” to the plastic deformation mechanisms and, consequently, lead to an increase 

in strength [18]. Moreover, good toughness is obtained by refining the prior austenite 

grain size [19]. Considering that PAGs size increases with the increasing of 

austenitizing temperature according to Zener model [20, 21], the elimination of δ-ferrite 

in the CLAM welded joint by suppressing the PAGs is an alternative that demands 

research. 

In this study, CLAM welded joints were produced by the gas tungsten arc welding 

(GTAW) process before undergoing to different diffusion annealing processes with 

temperatures determined according the CLAM phase diagram in order to eliminate the 

δ-ferrite and suppress the PAGs coarsening. The δ-ferrite content and the PAGs size of 

the CLAM welded joints after diffusion annealing process were observed, as well as 

the impact toughness for each sample. This study aims to investigate the effects of 
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diffusion annealing on δ-ferrite and PAGs on CLAM welded joint, and ultimately 

present an effective way to obtain the CLAM welded joint with suitable microstructures 

and mechanical properties. 

2 Materials and Experimental Methods 

The CLAM plates were in the quenched-and-tempered state with the dimension of 

150×500×12mm in size. Chemical compositions for the plates and their welding 

consumables are shown in Table 1. A butt joint with a single V groove at 30 degrees on 

both sides was generated, and the welding was performed using semi-automatic GTAW 

method with the corresponding welding parameters listed in Table 2. For each weld, 

approximately 23 weld passes in 7 layers and in a flat position were performed. To 

detect any welding defects on the joint, 100% radiographic inspection testing was 

employed. The welded plates were cut into long strips before undergoing to the 

diffusion annealing treatment. Finally, specimens were prepared for microstructure 

observation and impact test. 

Table 1 Chemical compositions for the CLAM steel and its welding consumables/ wt.% 

Ele. C Cr W V Ta Mn Si S P 

CLAM 0.11 9.31 1.48 0.18 0.12 0.53 1.22 0.01 0.005 

Welding 

Consumables 
0.08 9.24 1.40 0.17 0.14 0.51 1.07 0.01 0.003 

Table 2 Welding process parameters for the CLAM steels 

Parameters 
Welding 

Current 

Welding 

Voltage 

Wire Feed 

Rate 

Welding 

Speed 
Gas Flow 

Backing Weld/ 

Cover Pass 
90~110 A 12-14 V 12 mm/s 1.2 mm/s 12 L/min 

Filling Beads 160~180 A 16~18 V 15 mm/s 1.5 mm/s 12 L/min 

The diffusion annealing temperatures should fall into the delta ferrite phase region 

of the CLAM phase diagram so that the alloying elements can diffuse with each other 

and therefore, the delta ferrite can be dissolved [22]. Diffusion annealing treatments 

were conducted with temperatures varying from 1050oC to 1200oC for 60min to 

1200min followed by furnace cooling. To prevent high temperature oxidation and 
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decarburization, high purity quartz glass with a high purity argon atmosphere were used 

to seal the samples (Fig.1(a)). Quenching and tempering treatments were conducted 

after diffusion annealing treatment by austenitizing the samples at 1050oC for 1.5 h 

before water quenching, and then tempering at 750oC for 2 h followed by air cooling. 

The detailed heat treatment curves are shown in Fig.1(b). The microstructures of 

CLAM steel welded joint specimens were etched with Viella’s reagent (1g piric, 5ml 

hydrochloric acid, and 100ml ethanol) prior to imaging by optical microscopy (OM, 

Leica DM2700). The microstructure for PAGs sizes analysis was revealed after 

thermochemical etching, which consisted in the immersion of the polished sample 

100ml of saturated picric acid solution with 0.05ml hydrochloric acid and 0.02g sodium 

dodecyl sulfate at 65oC in a thermostatic water bath for 60~70 s. The statistical 

distribution of PAGs sizes and the content of δ-ferrite were counted by the Image J 

software. Charpy V impact tests were carried out by a SANS-ZBC2452-C instrument 

impact testing machine. A scanning electron microscope (SEM, Quanta 450) was 

employed to analyze the fracture morphologies.  

 

Fig.1 (a) Sealing samples and (b) heat treatment curves 

3 Results and Discussion 

3.1 Delta Ferrite 

Fig.2 shows the microstructures of the CLAM welded joint after distinct diffusion 

annealing processes. It is possible to observe that the microstructures are mainly 

composed of tempered martensite, with a small amount of δ-ferrite. The morphologies 
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of the δ-ferrite exhibit different shapes, changing from the pebble-like δ-ferrite to the 

stripe-like δ-ferrite, and finally transforming into the polygonal blocky δ-ferrite, as 

shown in Fig.3. The formation of δ-ferrite depends on the diffusion annealing 

temperature and the diffusion annealing time. For the process under 1050°C,  

Futher appearance and/or growth of delta ferrite phase should not be observed for 

diffusion annealing temperature of 1050°C considering the expected completely 

austenitized microstrucutre according to the CLAM phase diagram. Regardless of 

treatment time, for this temperature, no delta ferrite grain growth was observed as 

shown in Fig.2. For the experiment with diffusion annealing temperature of 1200oC the 

austenite is partially transformed into δ-ferrite, resulting δ-ferrite coarsening and 

growth, which is in consonance with the phase diagram [23]. At this stage, the 

morphologies of the δ-ferrite exhibit the pebble-like shape when diffusion annealing 

time is up to 5 h. When the treatment reaches 10 h, δ-ferrite transforms into the stripe-

like morphology. Finally, when the diffusion annealing time increases to 20 h, the δ-

ferrite exhibits the polygonal blocky characteristic. 

In summary, initially the δ-ferrite appears pebble-like morphology and then 

experiences growth and coalescence phenomena along with the increasing of diffusion 

annealing temperature and time. The pebble-like δ-ferrite transforms into stripe-like δ-

ferrite and, finally, to polygonal blocky δ-ferrite when the temperature is as high as 

1200oC for a period up to 20 h. 
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Fig.2 Microstructures for the CLAM welded joint after different diffusion annealing processes 
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Fig.3 Delta ferrite outlines in samples of CLAM welded joint after different diffusion annealing 

processes 

Fig.4 shows delta ferrite contents observed in samples of the CLAM welded joint 

after different diffusion annealing processes. For the same diffusion annealing time, the 

δ-ferrite contents exhibit an overall upward trend along the increasing of diffusion 

annealing temperature. 

The δ-ferrite grows and its content increases within the first three hours of diffusion 

annealing process. When the diffusion annealing time is in the range of 3 to 5 h, the 

content of δ-ferrite slightly decreases due to the alloying element diffusion in the 

martensite and δ-ferrite. With further extension of the diffusion annealing time, two 

different effects can be observed regarding the variation tendency of ferrite content. For 

temperatures lower than 1150oC, the content of δ-ferrite gradually decreases with the 

extension of diffusion annealing time, as shown in Fig.4 with the carmine and red lines. 

However, when the diffusion annealing temperature is higher than 1050oC, the content 
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of δ-ferrite increases gradually with the extension of diffusion annealing time, as shown 

in Fig.4 with the blue and green lines.  

 

Fig.4 Delta ferrite contents for the CLAM welded joint after different diffusion annealing 

processes 

3.2 Prior Austenite Grain Size 

The diffusion annealing process influence the morphologies and contents of δ-

ferrite. Moreover, it also affects the PAGs size considering the heat effect. Fig.5 and 

Fig.6 show the prior austenite grains and their sizes for the CLAM welded joint after 

different diffusion annealing processes. The PAGs sizes increase with the increasing of 

diffusion annealing temperature under the same diffusion annealing time. The initial 

PAGs size for the BM is 16.87μm and slightly increases after the diffusion annealing 

process at 1050oC reaching 20.45μm after 20 h of treatment, which represents an 

increasing of 20% in size. The tendency observed in this variation exhibits a near-

horizontal line, as shown in Fig.6 in carmine. The plots indicate a remarkable increase 

of the PAGs sizes along the temperature appears for diffusion annealing temperature 

higher than 1150oC. At this temperature, it is noted an increasing in the PAGs size 

varying from 16.87μm to 32.45μm after 20 h treatment, resulting in twice-as-large 

PAGs. For even higher diffusion annealing temperatures, such as 1200oC, the PAGs 

size increases to 48.87μm under diffusion annealing time up to 20 h, three times larger 
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than the original one. Nonetheless, four other diffusion annealing treatment conditions 

(1200oC for 1 h, 1150oC for 5 h, 1100oC for 10 h and 1050oC for 20 h) produced CLAM 

welded joints with very similar PAGs sizes, indicating that the shorter time for the 

diffusion annealing treatment at higher temperatures has the same effect on the longer 

time for the diffusion annealing treatment at lower temperatures. Therefore, the 

temperature and the time for the diffusion annealing treatment both influence the PAGs 

for the CLAM welded joint. 

 

Fig.5 Prior austenite grains for the CLAM welded joint after different diffusion annealing 

processes 
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Fig.6 Prior austenite grain sizes for the CLAM welded joint after different diffusion annealing 

processes 

3.3 Impact Toughness 

The variations of δ-ferrite and PAGs contents also affect the impact toughness. 

Fig.7 shows the impact toughness for samples of the CLAM welded joint with different 

diffusion annealing processes. As can be seen on the figure, under the same diffusion 

annealing time, the impact toughness for the CLAM welded joint decreases with the 

increase of diffusion annealing temperature. The impact toughness observed in the 

CLAM welded joint treated under diffusion annealing processing at 1050oC and 

multiple temperatures ranges from 178J to 188J, indicating a small in comparison to 

the original state. This phenomenon can be verified by observing the changes in the 

PAGs size and the δ-ferrite content. For diffusion annealing temperature of 1050oC the 

maximum δ-ferrite content is 0.89vol.% according to Fig.4, which represents a 

relatively low level. Besides, there is a little change in terms of PAGs size of the CLAM 

welded joint resultant from different treatment times, as shown in Fig.6. The PAGs sizes 

for the CLAM welded joint are in the range between 16.87μm and 20.45μm at diffusion 

annealing temperature set as 1050oC. Nonetheless, it is observed that for higher process 

temperatures the impact toughness plots show a downward tendency. It is noted that for 

the diffusion annealing temperature of 1150oC, the impact toughness decreases to 156J 
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within the first three hours of treatment and remains roughly unchanged along the 

increasing of the time, as shown in Fig.7 (blue line). For the ultimately temperature of 

1200oC, the impact toughness remarkably decreases, assuming values as 117J, 97J and 

91J for diffusion annealing times of 5 h, 10 h and 20 h, respectively, as shown in Fig.7 

(green line). The variation observed on the impact toughness along the different 

diffusion annealing times can be verified along the PAGs sizes. The increasing on PAG 

size of the CLAM welded joint samples treated at diffusion annealing temperature of 

1200oC under 5 h and 20 h are 38.47μm and 48.87μm, respectively, indicating that the 

coarse grains cause the poor toughness due to the refinement strengthening. 

Furthermore, when the diffusion annealing temperature is 1200oC and held for up to 20 

h, it is noted that the δ-ferrite content is about 2vol.% and it exhibits the polygonal 

blocky morphology. In summary, the combination of diffusion annealing temperature 

and time of 1100oC and 10 h produces a CLAM welded joint with the best impact 

toughness in comparison with the other process conditions presented in this study, in 

addition to PAGs size and δ-ferrite content at acceptable levels. 

 
Fig.7 Impact toughness for the CLAM welded joint after different diffusion annealing processes 

Fig.8 shows the load (energy)-deflection curves of the instrumented impacts for 

the CLAM welded joint ranging from diffusion annealing temperatures of 1050oC to 

1200oC for 20 h. The Charpy impact specimens typically experience five different 

stages of fracture: elastic deformation, plastic deformation, ductile propagation, brittle 
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propagation, and ductile fracture, denoted W1, W2, W3, W4 and W5, respectively. The 

fracture processes consist of crack initiation and crack propagation process. The crack 

initiates only when the load is higher than the maximum load (Pm), indicating that there 

is no crack during the elastic and the plastic deformation process. Thus, elastic and 

plastic deformation stages represent the crack initiation stage, and the sum of 

corresponding absorbed energies is regarded as the crack initiation energy (W1+W2). 

Similarly, the sum of relevant absorbed energies in the subsequent three stages of 

fracture is considered as the crack propagation energy (W3+W4+W5). The different 

stages of energies for the samples after impact test are listed in Table 3. When the 

diffusion annealing time is set at 20 h, the elastic deformation energies (W1) are almost 

the same with the diffusion annealing temperature no more than 1150oC. The ductile 

propagation energy (W3), the brittle propagation energy (W4) and the ductile fracture 

energy (W5) for the CLAM welded joint with 1150oC diffusion annealing temperature 

are lower than the those with 1050oC and 1100oC diffusion annealing temperatures, as 

shown in Fig.8 and listed in Table 3. Therefore, the crack initiation energies (W1+W2) 

for the CLAM welded joint with diffusion annealing temperatures ranging from 1050oC 

to 1150oC are almost the same, only differing in terms of crack propagation energies 

(W3+W4+W5). The above changings in the crack propagation energies are 

consequences of the coarsening of the PAGs size. 

When the diffusion annealing temperature increases to 1200oC, the impact 

toughness remarkably decreases, not only in the crack initiation energies (W1+W2), 

but also in the crack propagation energies (W3+W4+W5). The reason for that is the 

higher δ-ferrite content and the coarser PAGs size. Furthermore, the maximum load (Pm) 

for the CLAM welded joint with 1200oC diffusion annealing temperature is 7.75kN, 

much lower than those with diffusion annealing temperatures ranging from 1050oC to 

1150oC. The reason for that is the larger PAGs size, which weakens the refinement 

strengthening and therefore, leads to a lower crack initiation and propagation energies. 

Therefore, the PAGs size and the δ-ferrite content influence the impact toughness for 

the CLAM welded joint overall. 
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Fig.8 Load (energy)-deflection curves of the instrumented impacts for the CLAM welded joint 

with diffusion annealing temperatures ranging from 1050oC to 1200oC for 20 h 

Table 3 The different stages of energies for the samples after impact test 

Energy/ J W1 W2 W3 W4 W5 

1050oC 20h 18 34 47 41 49 

1100oC 20h 18 34 47 40 42 

1150oC 20h 18 34 42 35 21 

1200oC 20h 6 20 42 7 3 

Fig.9 shows the impact fractographies for the CLAM welded joint with diffusion 

annealing times up to 20 h. When the diffusion annealing temperature is 1050oC, the 

radiation zone shows typical ductile fracture characteristic, as shown in Fig.9(b). Small 

and dense dimples are observed, which provide good ductility under impact load. When 

the diffusion annealing temperature increases to 1150oC, the radiation zone is not flat 

and exhibits the uneven aspect, as shown in Fig.9(d). Furthermore, pits in the radiation 

zone are also observed, reflecting the poor properties for the sample which lead to the 

poor toughness, as shown in Fig.9(d) with the yellow circle. A closer look at the 

radiation zone shows that the dimples are not in the uniform size and indicates the 

presence of a certain amount of cleavage facets as shown in Fig.9(d) pointed by yellow 

arrows. The cleavage fractures are mostly observed on the sample treated by diffusion 

annealing process at 1200oC, which also presents small areas of ductile dimples and 

ligaments, as shown in Fig.9(h). The crack initiation site is located at the cleavage facet, 

as shown in Fig.9(h) highlighted in yellow. Fig.9(i) shows a detail of the ligament, 

where it is possible to observe some cleavage facets. The size of the cleavage facet and 
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the crack initiation site are almost equal to those ones found at δ-ferrite. Therefore, 

crack initiation is caused by the polygonal blocky δ-ferrite, which leads to a 

deterioration in terms of impact toughness. 

 

Fig.9 Impact fractographies for the CLAM welded joint with diffusion annealing processing 

(a)~(c) 1050oC, (d)~(f) 1150oC and (g)~(i) 1200oC for 20 h 

Fig.10 shows the transverse section for the CLAM welded joint treated by diffusion 

annealing processing at 1200oC for 20 h after impact testing. The cracks easily initiate 

and propagate through the polygonal blocky δ-ferrite under the impact load, as shown 

in Fig.10(a). The crack propagation path is perpendicular to the impact load, and it 

propagates only through the δ-ferrite until the martensite phase. The fractographies of 

the crack indicate the presence of cleavage fracture, as shown in Fig.9(h). Furthermore, 

Fig.10(b) shows that the cracks propagate along the PAGs due to impact load. The 

coarse PAGs (48.87μm) are responsible for the low grain boundary cohesion and, for 

that reason, the coarse grain boundary is expected to be the preferential point for crack 

nucleation due to impact load. Therefore, the analysis of CLAM welded joint samples 

produced after diffusion annealing process at 1200oC up to 20 h indicates that both 

polygonal blocky δ-ferrite and the presence of coarse grains are the main factors 
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responsible for deteriorating the impact toughness. 

 

Fig.10 Transverse section for the CLAM welded joint with 1200oC diffusion annealing 

temperature for 20 h after the impact test: (a) cracks at δ-ferrite and (b) cracks along PAGs 

4 Conclusions 

The evolution of δ-ferrite and PAGs of a CLAM welded joint after different 

diffusion annealing processes was studied in order to investigate the relation between 

the δ-ferrite content, PAGs size and impact toughness. The following conclusions can 

be drawn from this study: 

1. The diffusion of the CLAM alloying elements and the coarsening of 

microstructure both influence the content and morphology of δ-ferrite of the 

analyzed samples. 

2. The polygonal blocky δ-ferrite and the coarse grains are the main factors 

responsible for deteriorating the impact toughness of the samples produced 

from the CLAM welded joint. 

3. The diffusion annealing process at 1100oC for 10 h of the CLAM welded joint 

can produce specimens with good impact toughness as a consequence of the 

combination between appropriate grain size and δ-ferrite content.  
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