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Electron beam Surfi-SculptTM is a novel surface treatment technique applied to produce high 

level performance Composite-Metal-Weld (ComeldTM) joints. Investigation on forming process of 
surface features showed protrusions were formed via a layer-by-layer mode similar to additive 
manufacturing process. The microstructure within the protrusions, different to the parent metal, was 
characterized by a high density of fine needle shaped martensite phase, leading to a higher hardness. 
Cracks were readily generated at the interface between protrusions and parent metal on poorly 
finished surface. 

Изследване на процесите на формиране по време на електронно лъчевата технология 
”Surfi-SculptTM” (Кай Ли, Ксичанг Уанг, Пегфей Фу, Шуили Гонг, Зикуанг Ли) 

Електроннолъчевата технология „Surfi-SculptTM” е нововъведена техника за  третиране 
на повърхности, прилагана за постигане на високо ниво на процеса при получаване съединения 
от типа: Сплав-Метал-Заварка (ComeldTM). Изследването на процесите на формиране на 
повърхностните характеристики, показа, че изпъкналостите са формирани чрез режим на 
работа: слой по слой, подобен на адитивен производствен процес. Микроструктурата на тези 
изпъкналости, която е различна отази на изходният метал, се характеризира с високата 
плътност на мартензита с формата на игла, водеща до по-висока твърдост. По този начин 
лесно се образуват пукнатини между изпъкналостта и изходният метал, при недобре 
завършена повърхност. 

 

Introduction 
Owing to high strength-to-weight ratio, composite 

materials are finding increasingly used in industrial 
sectors especially in the field of aeronautical 
engineering when weight saving is a critical 
consideration [1,2]. Nevertheless, it might not always 
be feasible to construct an entire structure by utilizing 
composite materials solely [2]. In such cases, 
composite components are required to be bonded with 
metallic ones. Therefore it is of utmost importance in 
the aeronautical industry to produce high level 
performance joints between composite and metallic 
components [1]. 

As a result of incompatible physical properties, it 
exhibited great challenges for composite to metal 
joining technology [3]. Conventional composite to 
metal joining methods mainly include adhesive 
bonding and mechanical fastening, but both with 
significant disadvantages [3]. Adhesively bonded 
joints present relatively low strength and may fail in a 
catastrophic fashion with no prior warning, while 
mechanical fastened joints suffer drawbacks such as 
high stress concentration, increased joint weight, etc 

[3]. 
Novel composite to metal joint systems have been 

developed recently, by integrating both adhesive and 
mechanical bonding elements into the design, with the 
aim to overcome the disadvantages of conventional 
methods [2, 3]. Composite-Metal-Weld (ComeldTM) 
joint system, as one of them, connects composite and 
metal components by applying a new surface 
treatment technique named Surfi-SculptTM [4]. Surfi-
SculptTM technique has the capability to create tailored 
surface features, i.e. protrusions and intrusions, on the 
metal surface where the composite materials are laid 
and cured [1]. Fig. 1 shows a typical double lap Surfi-
Sculpted titanium surface and its corresponding 
ComeldTM joint [5]. This unique joining method owns 
the advantages to transfer load and avoid stress 
concentration [2]. Further, it has been demonstrated 
that ComeldTM joint is able to improve the mechanical 
performance of joints between composite and metallic 
materials. It also showed that ComeldTM joint could 
prevent sudden bond- line failure and gave a more 
progressive and therefore detectable failure mode [2]. 



“E+E”, 5-6/2016 49

 
Fig. 1. Double lap Surfi-Sculpted titanium surface with 

protrusions and side views of ComeldTM joints [5]. 

The present work studied the electron beam Surfi-
SculptTM process on an as-cast Ti-6Al-4V alloy, with 
a purpose to obtain a comprehensive understanding of 
forming mechanisms of surface features during the 
process as well as their microstructural features and 
mechanical properties and eventually to improve the 
design for higher level performance ComeldTM joints. 

Experimental 
An as-cast Ti-6Al-4V titanium plate (Ti bal, Al 

6.40 wt%, V 3.98 wt%, Fe 0.06 wt%, Si 0.02 wt%, C 
0.014 wt%, N 0.006 wt%, H 0.002 wt%, O 0.17 wt%) 
was employed during electron beam Surfi-SculptTM 
processing, carried out on a BAMTRI self-developed 
electron beam processing machine (ZD150-15MH 
CV3M) with a accelerating voltage of 150 kV. 

The as-resulted surface morphology was 
characterized using a Zeiss SUPRA55 scanning 
electron microscopy. Parallel and perpendicular cross 
sections of as-formed surface features were prepared 
for metallographic examination on a Leica 
DMI5000M optical microscope. Slightly etching in 
Kroll’s reagent was applied to cross sections prior to 
examination. Hardness measurements were performed 
by using a TUKON2500 Vickers micro -hardness 
tester, with a 100 g load and a 10 s dwell time. 

Results and discussion 

1. Surface morphology 

Fig. 2 exhibits the surface morphology of an as-
cast Ti-6Al-4V titanium plate treated by electron 
beam Surfi-SculptTM, where the specimen was tilted 
43° in the chamber of scanning electron microscope 
thus the image displays an oblique view of the as-
resulted surface. It is evident that a horizontal scar, 
with the right end occupied by a hill shaped 
protrusion, is present approximately in the middle of 
the rough grit-blasted surface. The formation of the 
scar was induced by the interaction between the 

focused electron beam and the base metal [6], which 
implies that the trail of scar is actually an appropriate 
representation of the scanning route of focused 
electron beam. During Surfi-SulptTM processing, the 
high frequency focused electron beam scanned the 
metal surface repeatedly via a pre-designed pattern [6-
8]. At the beginning of each scanning, the metal was 
melted and a vapour cavity was produced in the 
substrate once the electron beam impacted on the 
metal surface. Scanning the electron beam created a 
trailing melt pool along the route. Due to vapour 
pressure from the cavity and surface tension, the melt 
metal was displaced to a direction opposite to the 
travel of electron beam [7, 8]. After a certain numbers 
of repetitions, hill shaped protrusions were formed at 
the start of each scanning route and corresponding 
intrusions (scar) were formed simultaneously, as 
shown in Fig. 2. 

 
Fig. 2. SEM image of an as-cast Ti-6Al-4V titanium plate 

treated by electron beam Surfi-SculptTM, showing 
morphology of as-formed surface features. 

Fig. 3 presents a scanning electron macrograph of 
parallel cross section showing a more detailed side 
view of the interior wall of intrusion. The top area 
with blocky bright white speckles was filled with resin 
employed for sample preparation, which was 
dielectric thus caused charging during scanning 
electron microscopy [9]. The intrusion was located 
just below the resin. Besides several spherical 
contaminations, interior wall of intrusion exhibited a 
striation texture. The striations were approximately 
parallel to each other and tracked in a direction from 
the left end of intrusion along the slope up to the top 
right until approaching the original surface. Moreover, 
as previously shown in Fig. 2, the exterior wall of 
protrusion also disclosed a texture with parallel 
striations. The presence of striations on both 
protrusion and intrusion suggested that the protrusion 
was formed via a layer-by-layer mode similar to 
additive manufacturing process, while the intrusion 
was also formed layer-by-layer but by subtracting 
material through displacement of melt metal 
gradually. Nevertheless, feeding of wire or powder 
was not required during Surfi-SculptTM process, which 
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was different to additive manufacturing. The material 
for adding up the protrusion was displaced over from 
its own base which went through a subtraction 
progress for the formation of a corresponding 
intrusion. 

 
Fig. 3. SEM image of a parallel cross section showing a 

striation texture on the interior wall of intrusion. 

2. Microstructrue 

      A perpendicular cross section was prepared for 
metallographic examination, as shown in Fig. 4. It is 
clear evident that protrusion was with different 
microstructural features compared with the base 
metal. The base metal was primarily consisted of α + 
β lamellar structures, the same as commonly observed 
on as-cast Ti-6Al-4V alloys [10]. On the contrary, the 
microstructure of protrusion was dominated by a high 
density of fine needle shaped martensite phase. 
Further, vertically grown columnar crystals are clearly 
displayed, which was evolved with the piling-up 
progress of protrusion during Surfi-SculptTM. 

A hemispheric re-solidified zone was present 
beneath the protrusion, with a depth of approximately 
0.3 mm down into the base metal. It is evidence 
proving that the metal surface was melted at the 
beginning of beam scanning. The melted metal was 
re-solidified accordingly with the piling up of melted 
metal on its top. A quite narrow heat affected zone 
was present at the interface between the hemispheric 
re-solidified zone and the base metal. Further, the side 
wall on both sides of the protrusion exhibited a 
slightly scalloped texture, which was consistent with 
the striations described above. 

The microstructure of protrusion is similar to the 
fusion zone of welded seam, since both experienced a 
melted and re-solidified process [11]. The formation 
of a high density of fine needle shaped martensite 
phase within protrusion was attributed to a high 
cooling rate during solidification of displaced melt 
metal [10]. 

 
Fig. 4. Optical macrograph of a perpendicular cross 

section showing the microstructure of protrusion different 
to that of base metal. 

3. Micro-hardness 

In order to study the hardness profiles of 
protrusions along the piling-up (i.e. height) direction, 
micro-hardness was examined on perpendicular cross 
sections from base metal up to the zenith of 
protrusions, with indentor intervals varied from 50 to 
200 µm depending on the uniformity of 
microstructure. 

Fig. 5 illustrates the micro-hardness profiles of 
protrusions formed on three as-cast Ti-6Al-4V 
titanium plates with various surface conditions. For all 
the three specimens, the hardness of protrusions was 
higher than that of base metal. A hardness peak was 
appeared within the hemispheric re-solidified zone, 
which was especially obvious for specimen 3. In 
addition, both the protrusion and hemispheric re-
solidified zone of specimen 3 exhibited a higher 
hardness than those of specimen 1 & 2, whose 
hardness was similar. As shown in Fig. 5, the base 
metal exhibited an average hardness of approximately 
300 HV. While the hardness of protrusions on 
specimen 1 & 2 fluctuated between 320 HV and 340 
HV, that of specimen 3 stabilized at ~360 HV. 
Specimens 1 & 2 exhibited a maximum hardness of 
about 400 HV near the interface between hemispheric 
re-solidified zone and the base metal, while the 
maximum hardness of specimen 3 reached up to ~580 
HV at the same position. 
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Fig. 5. Micro-hardness profiles along height direction of 

protrusions formed on Ti-6Al-4V titanium plates with 
various surface conditions, all showing a peak slightly 

below the surface. 

The slightly higher hardness of protrusions 
compared with base metal was attributed to the 
presence of a high density of fine needle shaped 
martensite phase within protrusions whereas it was 
absent in the base metal [11]. The hemispheric re-
solidified zone exhibited a even much higher hardness 
might be the result of presence of a much higher 
density of martensite phase which was also probably 
with finer shapes, since this zone provided a condition 
offering a much higher cooling rate as both base metal 
and surrounding atmosphere could be involved for 
heat transfer. On the contrary, only surrounding 
atmosphere could be available on the upper part of 
protrusion. 

4. Cracking phenomenon 

Cracking was observed at the root of protrusions 
formed on specimen 3, as displayed in Fig. 6. Fig. 6a 
gives a general view of the cracks present at the root 
of protrusion, where the specimen was tilted 43° 
during scanning electron microscopy, thus the bottom 
rough region represented the original surface while the 
top brighter region represented the as-formed 
protrusion. It clearly shows the presence of cracks at 
the root of protrusion. Fig. 6b gives a side view of a 
cross section showing that the crack was propagated 
along the interface between the base metal and the re-
solidified one. The occurrence of cracking might be 
related to the much higher hardness as depicted above, 
since a higher hardness is usually accompanied with a 
higher brittleness which creates a condition for the 
occurrence of cracking [10]. 

Nonetheless, cracks were only observed on 
protrusions formed on specimen 3 which was prepared 
with grit blast as the final surface treatment, 
suggesting that the occurrence of cracking might be 
related to the surface finish. For those surface finished 
with grit blasting, the rough and contaminated surface 

had a detrimental effect on the joining between 
displaced melted metal and the underlying base metal, 
the as-resulted poorly adhesive position might act as 
the initiation of cracking. It is the same case in the 
field of welding that the surface is required to be 
thoroughly cleaned before welding operation, 
otherwise defects such as cracking, porosity and 
inclusions are easily to be generated [11]. 

 
Fig. 6. Cracks present in the protrusion: (a) general view of 

the crack present at the root of protrusion; (b) cross-
sectional view showing the presence of crack. 

The occurrence of cracking would decrease the 
mechanical properties of ComeldTM joint, which 
apparently need to be eliminated. Therefore, it is 
essential to carry out further research to study the 
origins and evolution of cracking occurred on 
protrusions during electron beam Surfi-SculptTM, with 
an ultimate objective to produce higher level 
performance ComeldTM joints for aeronautical 
structures. 

Conclusions 
1. Surface features, i.e. protrusions and 

intrusions, were formed on the surface of as-cast 
Ti-6Al-4V alloy treated by electron beam Surfi-
SculptTM.  

2. The formation of protrusions and intrusions 
were resulted from a displacement of melted 
metal caused by vapour pressure and surface 
tension. The protrusions were formed via a layer-
by-layer mode similar to additive manufacturing 
process. 
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3. The protrusions were with a different 
microstructure to the base metal, which was 
characterized by a high density of fine needle 
shaped martensite phase, leading to a much 
higher hardness. If combined with a poorly 
finished surface, cracks were readily generated at 
the interface between re-solidified metal and 
base metal. 

Acknowledgements 
The authors wish to thank National Key 

Laboratory and Ministry of Human Resources and 
Social Security of the People’s Republic of China for 
funding this research. 

REFERENCES 
[1] Buxton, A. L. & Dance, B. G. I. The potential of 

EB surface processing within the aero-space industry. Rare 
Metal Mat Eng, 4, 2011. 

[2] Li, N., Chen, P. H., Liu, X. Y., Ma, W. & Wang, 
X. C. A micro-macro finite element model for failure 
prediction of Comeld joints. Compos Sci Technol, 117, 
2015, pp. 334-341. 

[3] Xiong, W., Blackman, B., Dear, J. P. & Wang, X. 
The effect of composite orientation on the mechanical 
properties of hybrid joints strengthened by surfi-sculpt. 
Compos Struct, 134, 2015, pp. 587-592. 

[4] Wang, X., Ahn, J., Bai, Q., Lu, W. & Lin, J. Effect 
of forming parameters on electron beam Surfi-Sculpt 
protrusion for Ti-6Al-4V. Mater Design, 76, 2015, pp. 202-
206. 

[5] Tu, W., Wen, P. H. & Guild, F. J. Multi-region 
mesh free method for Comeld™ joints. Comp Mater Sci, 
48, 2010, pp. 481-489. 

[6] Hilton, P. & Jones, I. A new method of laser beam 
induced surface modification. The Laser User, 2008, pp. 
46-48. 

[7] Blackburn, J. & Hilton, P. Producing surface 
features with a 200 W Yb-fibre laser and the Surfi-Sculpt 
process. Physics Procedia, 12, 2011, pp. 529-536.  

[8] Earl, C., Hilton, P. & O'Neill, B. Parameter 
influence on Surfi-Sculpt processing efficiency. Physics 
Procedia, 39, 2012, pp. 327-335.  

[9] Li, K. Origins and Evolution of Near-Surface 
Microstructures and their Influence on the Optical Property 
of AA3104 Aluminium Alloy. PhD thesis, The University 
of Manchester, 2013.  

[10] Jovanović, M. T., Tadić, S., Zec, S., Mišković, Z. 
& Bobić, I. The effect of annealing temperatures and 
cooling rates on microstructure and mechanical properties 
of investment cast Ti-6Al-4V alloy. Mater Design, 27, 
2006, pp. 192-199.  

[11] Schultz,  H.  Electron  beam  welding. Elsevier,  
1994.  

 

Engineer, Dr Kai LI – Graduated from the Department 
of Metallurgical Engineering of Northeastern University, 
China in 2006, and then obtained a MSc in Ferrous 
Metallurgy at the same University in 2008. He received his 
PhD in Corrosion and Protection from the University of 
Manchester, UK in 2013. Subsequently, he joined the 
Science and Technology on Power Beam Processes 
Laboratory of Beijing Aeronautical Manufacturing 
Technology Research Institute (BAMTRI), China in 2013 as 
Engineer. His research is mainly associated with 
understanding the impact of fabrication processes as well 
as advanced forming and joining techniques on the 
performance of alloys, corrosion control of light alloys and 
developing novel surface engineering approaches. 

Tel.: +86-10-8570 1492-801;  

e-mail: likai.85@foxmail.com. 

Senior Engineer, Xichang WANG – Graduated from 
the Department of Materials Science and Engineering of 
Beijing University of Chemical Technology, China in 2001. 
He then joined BAMTRI and where he obtained his MSc in 
2005. He is currently a part-time PhD student of Huazhong 
University of Science and Technology. His research 
interests are electron beam Surfi-Sculpt technology, micro-
processing technology and novel dissimilar materials 
joining technologies. 

Tel.: +86-10-8570 1492-801;  

e-mail: xichangw@sina.com 

Chief Expert, Deputy Chief Engineer, Senior Research 
Fellow, Prof Dr Shuili GONG – Graduated from Shenyang 
University of Technology, China in 1985, and obtained his 
PhD from Xi’an Jiaotong University, China in 2001. He is 
currently Chief Expert of Aviation Industry Corporation of 
China (AVIC), Deputy Chief Engineer of BAMTRI, 
Executive Director and Senior Research Fellow of Science 
and Technology on Power Beam Processes Laboratory. 

Prof Dr Gong has been involved for years in the R&D 
on power beam welding technologies and welded structures 
applied in aeronautical industry. He was the first one who 
introduced laser welding technologies to aeronautical 
industry in China. At early stage, his research was mainly 
focused on advanced welding technologies and dynamic 
mechanical response of welded joints. Recently, he devotes 
himself to the development and application of laser/laser-
arc hybrid welding technologies for advanced materials 
and structures. Besides, his research interest is also dealt 
with the research and development on additive 
manufacturing and surface engineering technologies. 

Tel.: +86-10-8570 1564; e-mail: gongshuili@sina.com 

Chief Expert, Chief Engineer, Senior Research 
Fellow, Prof Dr Zhiqiang LI –Graduated from the 
Department of Materials Science and Engineering of 
Northwestern Polytechnical University, China in 1986, and 
obtained a MBA from Tsinghua University, China. He spent 
one year at National High Magnetic Field Laboratory of 
Florida State University, US as Academic Visitor from 



“E+E”, 5-6/2016 53

1997 to 1998. He received his PhD from Beijing University 
of Science and Technology, China in 2015. He is currently 
Chief Expert of Aviation Industry Corporation of China 
(AVIC) and Chief Engineer of BAMTRI. 

Prof Dr Zhiqiang Li has been dedicated to 
manufacturing technology and equipments for aircraft 

sheet metal in the past decades. He has obtained 
substantial research achievements on metal superplastic 
and combined technology of superplastic forming and 
diffusion bonding. 

Tel.: +86-10-8570 1498; e-mail: lizhiqiang@sina.com 

 

 


