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1. Foreword: 

Accumulative rolling bonding (ARB) [1] is broadly used to process metallic materials 
including pure metal [2,3], alloy [4,5], two different metals [6,7], and three different metals 
[8,9]. It is meaningful to investigate the production and properties of multilayered materials 
based on titanium and magnesium since both are light metals and the produced multilayered 
materials would be attractive as lightweight and high strength materials.   

 
2. List of Appendixes, Illustrations and Tables (if applicable)  
 A number of illustrations appear in the following section on “Summary of the most 
important results”. A separate list is not given in this section to avoid the repetition. 

 
3. Statement of the problem studied  

This project aimed to process multilayered materials with alternating titanium and 
AZ31 magnesium alloy through accumulative roll bonding; produce multilayered samples 
with different numbers of layers; characterize the samples microscopically to understand the 
layered structure, the internal microstructure of individual layers, and the interfacial structure; 
and characterize the strength of the interfacial bonding. The microstructural and mechanical 
characterizations were realized through using optical microscope, scanning electron 
microscopy, and debonding testing.  

 
4. Summary of the most important results 

The results show that titanium grains were heavily elongated along the rolling 
direction and just slightly elongated along the transverse direction; AZ31 magnesium alloy 
layers had equiaxed grains. There are smaller grains in the center of an AZ31 magnesium 
alloy layer than in the region close to the interfaces.  The layer interfaces were observed under 
scanning electron microscope and the images show that the two types of materials were 
bonded at the interfaces. The tests show that the interface bonding strength is at least 26.3 
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MPa, which is a good strength comparing with the reported literature data for other metallic 
bonding interfaces. The specific results are described below.  

- Production of multilayered samples: three types of multilayered samples were 
processed to have 3 layers, 5 layers, and 7 layers respectively.  

- Microstructure characterization – layered structure: both optical microscope and 
scanning electron microscope were utilized to observe the microstructure of the 
samples. Three-layered samples have the titanium layer, AZ31 magnesium alloy layer, 
and titanium layer. Both five-layered and seven-layerd samples have the alternative 
titanium and AZ31 magnesium layers and the outermost layers are titanium. Figure 1 
shows the images of each type of sample along both the rolling direction (RD) and the 
transverse direction (TD).  

  

  

1mm 
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Figure 1. SEM images of Ti-AZ31 multilayered samples with 3 layers (a) RD, (b) TD; 5 
layers (c) RD (d) TD; and 7 layers (e) RD (f) TD. (The images have the same micron bar.) 
 

- Microstructure characterization – internal structure of individual layers: Figure 2 
shows some representative images of titanium layer and AZ31 magnesium alloy layer. 
The grains of titanium obviously elongated at RD and slightly elongated at TD after 
hot rolling. The grains of AZ31 magnesium alloy were refined and equiaxed. The 
grains at the center of AZ31 magnesium layer were finer than the ones at the interface 
region. 

  

  
Figure 2. OM images of titanium layer in the 3 layered sample at (a) RD and (b) TD; OM 
images of AZ31 magnesium alloy layer in the 5 layered sample at (c) RD and (d) TD. 
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- Microstructure characterization – interfacial structure: Figure 3 shows some 
representative SEM images of the interfaces between titanium layer and AZ31 
magnesium alloy layer. The two types of materials were bonded and the interfaces are 
sharp. 

 
Figure 3. SEM images of interfaces for (a) the 3-layered material and (b) the 5-layered 
material.  

 
- Bonding strength: It is a challenging task to obtain the direct data about the bonding 

strength of the interfaces. It was tried to glue the sample to two platens and then 
applied tensile loading to debond the samples. Due to the limit of the glue strength, the 
samples detached before being broken at about 26.3 MPa. It concludes that the 
bonding strength is at least 26.3 MPa. This was compared with other reported bonding 
strength in Figure 4 [10]. The strength of our samples is lower than those for 
aluminum/titanium (Al/Ti) and aluminum/niobium (Al/Nb), and is higher than those 
for aluminum/iron (Al/Fe) and cupper/titanium (Cu/Ti) [10]. It is comparable to the 
reported data for the samples in the literature. 

 
Figure 4. The comparison of different cold rolled bonded bimetal [10] with our 
samples. 

10µm 20µm 



5 

 

 
5.  Bibliography 
[1] Nobuhiro Tsuji, Yoshihiro Saito, S.-H. Lee, Yoritoshi Minamino. ARB (Accumulative 
Roll‐Bonding) and other new Techniques to Produce Bulk Ultrafine Grained Materials 
Advanced Engineering Materials 5, Issue 5, p 338–344. 

[2] Erell Bonnot, Anne-Laure Helbert, François Brisset, Thierry Baudin. Microstructure and 
texture evolution during the ultra grain refinement of the Armco iron deformed by 
accumulative roll bonding (ARB). Materials Science and Engineering A 561:60–66. 

[3] Yoji Miyajima, Satoshi Okubo, Hiroki Abe, Hiroki Okumura, Toshiyuki Fujii, Susumu 
Onaka, Masaharu Kato. Dislocation density of pure copper processed by accumulative roll 
bonding and equal-channel angular pressing. Materials Characterization 104: 101–106. 

[4] Hiba Azzeddine, Kamel Tirsatine, Thierry Baudin, Anne-Laure Helbert, François Brisset, 
Djamel Bradai. Texture evolution of Fe–Ni alloy sheet produced by cross accumulative roll 
bonding. Materials Characterization 97: 140–149. 

[5] F. Schwarz, C. Eilers, L. Krüger. Mechanical properties of an AM20 magnesium alloy 
processed by accumulative roll-bonding. Materials Characterization 105: 144–153. 

[6] J.S. Carpenter, T. Nizolek, R.J. McCabe, M. Knezevic, S.J. Zheng, B.P. Eftink, J.E. Scott, 
S.C. Vogel, T.M. Pollock, N.A. Mara, I.J. Beyerlein. Bulk texture evolution of nanolamellar 
Zr–Nb composites processed via accumulative roll bonding. Acta Materialia 92: 97-108. 

[7] C.Y. Liu, B. Zhang, P.F. Yu, R. Jing, M.Z. Ma, R.P. Liu. Microstructures and mechanical 
properties of Al/Zn composites prepared by accumulative roll bonding and heat treatment. 
Materials Science and Engineering: A 580: 36–40. 

[8] Parisa Darvish Motevalli, Beitallah Eghbali. Microstructure and mechanical properties of 
Tri-metal Al/Ti/Mg laminated composite processed by accumulative roll bonding. Materials 
Science & Engineering A 628: 135–142. 

[9] M.M. Mahdavian, L. Ghalandari, M. Reihanian. Accumulative roll bonding of 
multilayered Cu/Zn/Al: An evaluation of microstructure and mechanical properties. Materials 
Science and Engineering: A 579, 99–107. 

[10] H.S. Liu, B. Zhang, G.P. Zhang. Microstructures and Mechanical Properties of Al/Mg 
Alloy Multilayered Composites Produced by Accumulative Roll Bonding. J. Mater. Sci. 
Technol 27(1): 15-21. 

 
6. Appendixes 
None 
 
7. Other 
 One graduate student was supported to perform the project. Since this is a short term 
project, there is no graduate student graduated. The results are planning to be presented in a 
conference titled “the International Conference on Metallurgical Coatings and Thin Films” in 
April 2016.  




