
 

                                                                                                                  
 

 

   
   Journal of Green Engineering (JGE) 
       

         Volume-10, Issue-9, September 2020 
   

 

 
                      

 

 

 
 

 
 

Microstructure Studies on Natural State of 
Argentum by Repetitive Corrugation and 

Straightening 

 
1
P Sureshkumar , 

2
C Gururaj, 

3
M Harrish, 

4
R Kaushik Shrinivas,               

5
H Mohammed Safiur Rahman 

 
1,2,3,4,5Department of Mechanical Engneering, Ramco Institute of   Technology, Rajapalayam, 

Virudhunagar, Tamil Nadu, India.E-mail: sureshkumarp@ritrjpm.ac.in 

                    

Abstract 
 
In India silver is one of the most important elements utilized in the making of 
ornaments, next to the usage of gold. Silver is a soft, white, lustrous material 

having good ductility. Also, it is a good electrical conductor. However, the 

major disadvantage is that pure silver is mostly vulnerable to scratches, 
damage and has low wear resistance. To overcome this, alloying with micro-

elements is usually preferred. But it requires more machinery and processes 

that not only increase the cost of production but also is a complicated 
method. So, we propose the method of strengthening Ag at its natural state 

without any investment of any further costs using the method of Repetitive 

Corrugation and Straightening by rolling. 

 
Key words: Silver, Corrugation Straightening, Heat Treatment, Grain 

Structure, Annealing Treatment. 

 

1    Introduction 
 
 Our project, "Strengthening of Silver by Repetitive Corrugation and 
Straightening by Rolling" is done to improve its overall strengthening by 

refining its grain size. This is like a heat treatment process, where the only 

outer surface is strengthened. Here we improve the strength by refining its  
 
Journal of Green Engineering, Vol. 10_9, 5516–5529. 
© 2020 Alpha Publishers. All rights reserved 

mailto:sureshkumarp@ritrjpm.ac.in


                                                                                                                  
 

 

 
 

 

 
5517 P Sureshkumar et.al 

 

grain size on the whole solid. But the limitation is the thickness of the solid,  

which solely depends on the corrugation machine. Silver is the most 
important precious material in the world. There are several application of 
silver such as solar panels, water filtration, jewellery, ornaments, high-value 

tableware and utensils. The silver has been used as a reinforced for many 

metallic materials. Conventional strengthening mechanism such as work 
hardneieng, Solid solution strengthening and alloying Precipitation 

hardening, Grain boundary strengthening were used. Theses strengthening 

mechanism, the material was heated above re crystallization temperature and 
then cooled with different cooling medium [1]. On the other hand, the grain 

boundaries act as dislocation source and sink which was activated by 

deformation mechanisms. The reduction of grain causes more grain 

boundaries which leads to partial dislocation emission from grain boundaries 
which active the deformation and twining of materials. Most of the FCC 

Metal strength has been increased by coherent twin boundaries without 

expenses of ductility.  Silver is a FCC Material with low stacking faulty 
energy of 20mJ/m

2
. The element has an atomic number of 47 with an 

electron configuration [Kr]4d105s1[2,3,4]. The element has an atomic weight 

of 107.8682. This element is located in the periodic table at Group 11, Period 

5 and D-Block. This element has an appearance like lustrous white metal and 
is a transition metal. This element can be seen as solid in room temperatures 

and has melting point 1234.93K and boiling point 2435K. This element has a 

density of 10.49g/cm3 when in solid and 9.32g/cm3. This element has heat of 
vaporization 254kJ/mol and molar heat capacity of 25.35J/(mol-K). This 

element has oxidation states of values -2, -1, +1, +2, +3 when it is in 

atmospheric oxide state. This element has an electro negativity value of 1.93 
on the Pauling scale. This element has an atomic radius of 144pm and 

covalent radius of 145±5pm and Van der Waals radius of 172pm. This 

element has primordial natural occurrence and crystal structure of face-

centred cubic with bulk coordination number 12. 
This element has a thermal expansion of 18.9µm/(m-K) when at 25ºC 

and thermal conductivity of 429W/(m-K) and also thermal diffusivity of 

174mm2/s when at 20ºC. This element has an electrical resistivity of 
15.87nΩ-m when at 20ºC. This element has a dia magnetic type of magnetic 

ordering and magnetic susceptibility of - 19.5x10-6cm3/mol when at 296K. 

This element has Young's modulus of 83GPa and Bulk modulus of 100GPa 
and Shear modulus of 30GPa and also with a Poisson ratio of 0.37. This 

element has Mohs hardness value of 2.5 and Vickers hardness value of 

251MPa and Brinell hardness 206 to 250MPa. This element has CAS number 

as 7440-22-4.In order to increase strength and micro structure homogeneity 
of silver material, the Severe Plastic Deformation (SPD) was introduced in 

this paper. SPD Techniques is a novel metalworking techniques provide ultra 

fine grain size by involving very large strain with complex state of stress 
resulting in a high defect density and equipped structure.   
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The SPD Technique was introduced by P.W.Bridgeman at Harvard 

university in 1930. There are several SPD technique such as Equal Channel 

Angular Extrusion (ECAE) [5], High Pressure Torsion (HPT)[6], 
Accumulative Roll Bonding (ARB)[7], Repetitive Corrugation and 

Strengthening (RCS)[8,9,10,11], Asymmetric Rolling (AR) [12], Mechanical 

Alloying (MA)[13,14], Constrained groove precision (CGP), Crygenic 

Rolling (CR) etc., for improving material strength by incorporating more 
deformation. Out of these technique, RCS is use for processing sheet metals 

and plates. AA8090 – Li sheet was processed with different RCS die profile 

such as semi circular, flat grooves and V grooves at half the melting 
temperature with a precision velocity of 2.5 mm/s [15]. The RCS technique 

improved the effectiveness of nano structuring on copper. The RCS 

Technique causes more shear deformation which result grain refinement 
[16].  RCS processed Al- Al–0.25Sc alloy with single and multiple teeth 

corrugative setup attached by UTM. The rotation of specimen by 90° 

between successive passes improved the material hardness and reached 

higher hardness value. This hardness improvement due to blocking of 
dislocations during the deformation of Al3Sc precipitates [17]. In light of 

above, there is only limited literature were available strengthening of Silver 

by . Severe plastic deformation. In our studies, the silver was processed by 
RCS Technique. The micro structure studies were conducted through 

Scanning Electron Microscope.   

    

2 Methodology 
 

In this project, we used the corrugating machine to corrugate our silver 
plate.And then followed by straightening by rolling with that same machine 

setup.These set of steps are repeated again and again till breakage or cracks 

occurs in that silver plate. Then optimum pass is found out and finalized. 

After that, all the plates are passed to the optimum level. Next, each plate is 
done with different heat treatment process separately to relive its strain 

occurred due to corrugation. And these pieces are tested for its strength. 

After all testing and findings, the report is prepared and published. 
 

3 Process Setup 
 

We the team members went to jewellery-smith shop to purchase the pure 

silver in plate form of size 70 x 40 mm with a thickness of 1mm. The plates 

were produced by casting method. The silver plates were cleaned thoroughly 
and kept free from impurities on the surface. The Repetitive Corrugation and 

Straightening setup were then made ready. Then these silver plates were 

passed one by one, first into the corrugation machine and then in between the 
rollers in the rolling machine setup. This is considered as one whole pass. 
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Likewise, many passes are made using the silver specimen till a crack or 

breakage has occurred. We observed the crack formation at 8th pass, so to 

analyse the specimen at the same criteria we fixed the number of optimum 
pass as 5 passes as shown in figure 1. Now to relieve the stress, we did three 

heat treatment process over 3 different plates. Those 3-heat treatment process 

are: 
• Annealing 

• Normalizing 

• Quenching 

 
Figure 1: Flow Diagram of the process 

 
3.1 Specifications 
 

So, for these heat treatment processes are done with the help of Muffle 

furnace and the temperature setting are as follows: 
• Annealing at 300ºC 

• Normalizing at 315ºC 

• Quenching at 600ºC 

The different variation of plate samples is: 
• Pure silver plate. 

• 8 pass silver plate, breakage sample. 

• 5 pass silver plate, optimum pass. 
• 5 pass & annealing treatment. 

• 5 pass & normalizing treatment. 

• 5 pass & quenching treatment. 
 

 



                                                                                                                  
 

 

 
 

 
Microstructure Studies on Natural State of Argentum by Repetitive Corrugation and 

Straightening 5520 

  

4 Testing and Analysis 
 

4.1 Pure Silver Plate 
 

The inference from these images of SEM testing is that, we can see many 

irregular patterns and many blow holes like dimples over the surface of the 
pure silver piece as in figure 2 and 3. These many irregular patterns and 

many blow holes like dimples over the surface are occurring due hot metal 

working process to make the plate and also cooling process. 
 

 
Figure 2: 5kX zoom of pure silver 

 

 
Figure 3: 350X zoom of pure silver 
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4.2 8 Pass Silver Plate, Breakage Sample 
 

The inference from these images of SEM testing is that, we can see many 
straight lines like patterns and fractures over the surface of the pure silver 

piece. These many straight lines like patterns and fractures over the surface 

are occurring due to stress developed during continuous RCS process 
repetition as in figure 4 and 5. 

 

 
Figure 4: 5kX zoom of 8 pass silver plate, breakage sample 

 

 
Figure 5: 350X zoom of 8 pass silver plate, breakage sample 
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4.3 5 Pass Silver Plate, Optimum Pass 
 

The inference from these images of SEM testing is that, we can see many 
irregular patterns and fractures over the surface of the pure silver piece as 

shown in figure 6 and 7. These many irregular patterns and fractures over the 

surface are occurring due to stress developed during RCS process repetition 

to an optimum level. 
 

 
Figure 6: 5kX zoom of 5 pass silver plate, optimum sample 

 

 
Figure 7:  350X zoom of 5 pass silver plate, optimum sample 
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4.4 5 Pass & Annealing Treatment 
 

The inference from these images of SEM testing is that, we can see many 
blow holes like dimples and many very thin scratches over the surface of the 

annealing piece as shown in figure 8 and 9. These blow hole like dimples 

over the surface are occurring due to heat treatment process. The surface is 
having many very thin scratches, due to RCS process and also to relive 

strain. 

 

 
Figure 8:  5kX zoom of 5 pass Annealed silver plate 

 

 
Figure 9:  350X zoom of 5 pass Annealed silver plate 
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4.5 5 Pass & Normalizing Treatment 
 

The inference from these images of SEM testing is that, we can see many 
blow holes like dimples and many waves like pattens over the surface of the 

normalizing piece. These blow hole like dimples over the surface are 

occurring due to heat treatment process as shown in figure 10 and 11. The 

surface is having many waves like pattens, due to RCS process and also to 
relive strain with uniform grain structure formation. 

 

 
Figure 10: 5kX zoom of 5 pass Normalized silver plate 

 

 
Figure 11: 350X zoom of 5 pass Normalized silver plate 
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4.6 5 Pass & Quenching Treatment 
 

The inference from these images of SEM testing is that, we can see many 
waves like patterns over the surface of the quenching piece. There is no blow 

hole like dimples over the surface are occurring due to quenching process. 

The surface is having many straight lines like patterns, due to RCS process 
and also to relive strain with uniform grain structures formation as shown in 

figure 12 and 13. 

 

 
Figure 12:  5kX zoom of 5 pass Quenched silver plate 

 

 
Figure 13:  350X zoom of 5 pass Quenched silver plate 
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5 Scope for Future Work 
 

• Changing in axis of pass. 
• Doing multiple passes along with heat treatment. 

• Proceeding with many tests. 

• Comparing this method with other Severe Plastic Deformation  
  methods 

• Comparing pure metal, RCS process metal and alloy metal. 

• Need to perform hardness test, wear test, abrasion test. 
 

6 Conclusion 
 

This project has many future scopes, due to improvement in the strength 

of pure silver. This can be used in application of electrical and electronics 

industry. This project can be done in different material according to 
application in current scenario. And this can also be done in different 

combinations of heat treatment, processing methods, etc. which can vary in 

its strength than in pure metal and better than alloy material. This method of 

RCS is also cost effective, due to money spent in alloying, sintering, 
infiltrating, etc. which increases end product price. Highlight of this project 

are: 

• Improve strength than parent material. 
• Reduce cost involved in alloying. 

• Consumes less time to strengthen. 

• Easy manufacturability. 
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