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Summary 

Sheet metal forming is today using environmental harmful lubricants which will be applied and removed in 

additional process steps. In this research non-lubricated deep drawing of high alloy stainless steel sheets was 

successfully carried out by a metal matrix composite (MMC) tool surface with a high-low surface structure 

featuring protruding fused tungsten carbide (FTC) particles. To obtain such a hard particle reinforced sur-

face, a process chain was successfully implemented where in a first process step a laser melt injection (LMI) 

was conducted to reinforce the aluminum bronze tool matrix material by hard particles. The geometry and 

hard particle content of the LMI tracks can be influenced especially with the process parameters laser power, 

process velocity and powder feed rate which allows for a hard particle content up to 55 %. To further in-

crease the contacting area and reduce the local contact pressure in the radius area of the tool, a novel local 

laser particle fusion (LLPF) process is introduced. In LLPF, FTC particles are fused together in a second 

local LMI step under additional powder supply to produce large FTC nuggets in the tool surface. Characteri-

zation of the FTC nuggets shows that the chemical composition is comparable to tungsten carbide with a 

hardness of up to 2500 HV0.5. LLPF can be applied for regions of higher local contact pressures where one 

nugget can cover an area of more than 1 mm2. Surface finishing of the MMC tool is realized by laser ablation 

which was carried out to set back the matrix to obtain a protruding particle surface area. Depending on the 

scan repetition, a depression of up to 25 µm between the matrix and particle plateau can be adjusted. Dry 

forming of sheet metals showed that adhesive wear can be prevented by using MMC tools with a high-low 

structured surface. An increase in the hard particle content leads to a reduction of the friction coefficient and 

forming force, and to lower local contact pressures. However, in dry forming with MMC tools a penetration 

of the hard particles into the metal sheet surface may result in scratches and grooves. This can be prevented, 

and the surface quality of the metal sheets can be significantly improved by reinforcement with FTC nuggets 

in all high local pressure regions of the tool. Application of FTC nuggets covering the top area, the leading 

edge area and the radius center area of the drawing die can minimize local pressure and reduce the forming 

force even below the forming force of the aluminum bronze reference tool. Thus, it was shown that a dry 

metal forming with MMC tool surfaces is feasible. 

Keywords: Dry Metal Forming, laser melt injection (LMI), laser ablation, local laser particle fusion (LLPF),

strip drawing, cup forming, tungsten carbide, metal matrix composite (MMC) 



 

 

1 Motivation and Background 

Green technologies are becoming more and more important in future and are demanded by the society and 

industry. Improvements of actual technologies and process chains are indispensable to save natural resources 

and increase the process efficiency [1]. Sheet metal forming and especially deep drawing is an important 

industry field today. Some examples of formed components are car doors, sinks and containers. For example, 

Toyota only produced about 8.5 million cars in 2012 with more than 400 formed metal parts per car [2]. 

However, up to now lubricants are used in the forming process to reduce friction forces and improve the 

surface quality of the formed part. Lubricants have the disadvantage that they must often be applied and re-

moved in additional process steps. The removal of lubricants is time and cost intensive and should be avoid-

ed because of the environmental impact and recycling issues [3].  

Dry metal forming is an alternative solution to avoid the usage of lubricants in forming processes [4]. Here 

the working tool and workpiece are in direct contact so the surface properties in this tribological system have 

a significant influence on the friction and wear behavior [5]. Adhesive wear is a major problem for a direct 

metal to metal contact and for tool steels will depend on the carbide content [6]. The material selection of the 

contact pair can contribute to avoid adhesive wear, e.g. a metal to thin carbon layer contact can minimize 

adhesion nearly to zero [7]. Dry friction modeling of a V-bending process shows that simple Coulomb fric-

tion is not sufficient as a functional model because it does not represent the surface contact characteristics 

and the material properties [8]. The coefficient of dry friction is a function of contact area ratio (which is a 

function of surface contact characteristics) and strain hardening exponent (material property). Under higher 

contact pressures the friction coefficient for pre-strained metal sheets is decreasing because of the increased 

contact area [9]. The main challenges to realize a dry metal forming are the friction reduction [10], separa-

tion of tool and workpiece to prevent adhesive wear [11] and a removal of abrasive wear debris [12].  

To reduce the wear and friction in tribological systems a metal material with a hard particle reinforced sur-

face can be applied [13]. Especially materials with a hard particle reinforcement like tungsten carbide can 

decrease the abrasive wear significantly due to its high hardness [14]. Metal matrix composites (MMC) can 

be produced by laser melt injection (LMI) where the metal surface is melted by a laser beam while hard par-

ticles are injected into the molten pool. Several material combinations can be processed by LMI: Some ex-

amples are SiC reinforced aluminum [15], WC reinforced aluminum [16], WC reinforced titanium, [17] and 

WC reinforced steel [18]. MMC have application fields in the automotive [19], marine [20], aerospace [21] 

and tool industry [22]. Automobile components like pistons, cylinder liners, connecting rods, brake rotors 

and calipers are reinforced by MMC to improve the material properties for cyclic loads [23].  

Typical forming tool materials used in the industry are ductile metals like tool steel [24] and bronze alloys 

[25]. Aluminum bronze showed a significant wear and friction reduction compared to conventional iron-

based materials in drawing dies [26]. The interaction of tungsten carbide in a copper melt was examined for a 

hard particle reinforcement [27]. To improve the tribological properties of copper alloy-based composites a 

tungsten carbide particle reinforcement can be implemented [28]. Increasing the WC hard particle content in 

a copper matrix material decreases the wear volume significantly [29], and it can be shown that the wear 

volume also depends on the applied load. Up to now, however, there is no approach to use an MMC tool 

surface composed of tungsten carbides in bronze matrix in dry metal deep drawing of high alloy steel.   

2 Aims and approach 

In dry sheet metal forming of stainless steel, adhesive wear is a problem arising from intense contact with the 

forming tool. Thus, a suitable coating of the tool surface is required. The aim of this project is to enable non-

lubricated forming of stainless steel sheet by a novel MMC tool surface with a plateau out of hard particles 

standing out of the matrix in order to increase wear resistance and durability, and to lessen the metallic na-

ture of the surface to protect the tool surface against adhesive wear. The idea is illustrated in Figure 1 where 

it can be seen that only hard particles shall come in contact with the metal sheet during the dry deep drawing.  

 

 
Figure 1: Approach for a dry deep drawing by a hard particle reinforced tool surface 



 

 

Therefore, a process chain shall be implemented for reinforcing the tool material with hard particles by laser 

melt injection and subsequently obtaining a surface with protruding plateau of hard particles by selective 

laser ablation. Besides the generation and characterization of surface coatings for deep drawing tools, an 

understanding of the tribological behavior of the materials during dry forming and the main influences in-

cluding hard particle size and distance, the contacting area ratio, and the ablated depth of the metal matrix 

must be established. The behavior of such surface coatings in a dry deep drawing application must be ana-

lyzed and assessed in comparison to a lubricated drawing process.  

3 Methods and materials 

3.1 Laser melt injection 

Spherical fused tungsten carbide (FTC) from Oerlikon with a particle size of 106+45 µm was used as hard 

particles for reinforcement of a CuAl10Ni5Fe4 aluminium bronze tool material.  

The LMI was carried out using a Trumpf HL4006D Nd:YAG-Laser with a wavelength of 1064 nm. The 

laser beam was guided via an optical fibre with a core diameter of 600 µm into the process zone. A collima-

tion and focusing optic with a focal length of 200 mm were used. As processing head the Precitec YC50 was 

injecting the FTC particles coaxially into the melt pool. To avoid back reflections into the processing optic 

during the LMI the processing head was tilted by an angle of 8°. The powder material was delivered by the 

Sulzer Twin 10-c powder feeding machine. The distance between the powder nozzle and the substrate was 

11 mm and the powder focus diameter was 3 mm. Figure 2 shows the principle of LMI reinforcing the alu-

minium bronze with FTC hard particles and the process parameters. 

 

Figure 2: Principle of laser melt injection for the reinforcement of aluminum bronze with sFTC hard particles and process parameters [30] 

3.2 Local laser particle fusion 

Local laser particle fusion (LLPF) is a two-step process where (after a first regular LMI step) in a second 

process step of local LMI without lateral travel, the MMC surface (both matrix and disperse FTC particles) is 

re-melted locally under an additional FTC powder supply to produce a local FTC nugget using laser pulses 

from the same laser source and set-up as before, see Figure 3. The resulting FTC nugget will be applied in 

the radius area of the tool to reduce the higher contact pressures in this zone by an increased contacting area.  

 

Figure 3: Principle and parameters of local laser particle fusion with an additional local LMI to fuse FTC particles to a nugget for an increased con-

tacting area [30] 



 

 

3.3 Laser ablation 

The tool geometry was cut by the Agiecut Evolution 2 spark erodsion machine with a wire diameter of 

0.25 mm and a laser ablation was carried out to obtain the final hard particle surface. A Trumpf TruMi-

ro5050 laser picosecond laser equipped with a Xiton wavelength converter was employed at a wavelength of 

515 nm. The maximum average power was 30 W, the pulse energy was between 5 µJ and 150 µJ, the pulse 

duration was <10 ps and the repetition rate was 200 kHz. A Scanlab Hurryscan II 14 scanner system with a 

nominal focusing length of 160 mm was used to obtain a focal diameter of 29.4 µm and a maximum scan-

ning speed of 15 m/s. Figure 4 shows the principle of laser ablation for the post processing of MMC tool 

surfaces. 

 
Figure 4: Principle of laser ablation for post processing the MMC tool surface with increasing fluence 

3.4 Dry metal forming experiments 

Sheet metal forming was examined by strip draw tests, strip drawing with double bending and deep drawing 

of cups. As sheet metal material the high alloy steel 1.4301 with a thickness of 0.5 mm was selected. The 

stainless steel sheets and circular blanks were cut by the picosecond laser to the dimensions of 52x20 mm² 

and a diameter of 56 mm, respectively. A principle sketch of strip drawing with double bending is shown in 

Figure 5. The punch diameter for both drawing tests was 30 mm and the punch radius was 4 mm. Strip 

drawing and strip drawing with double bending were carried out with initial blankholder pressures from 

2.5 MPa to 20 MPa and the drawing radius (3 mm to 7 mm) and the drawing clearance (0.7 mm to 1.5 mm) 

were varied for the strip drawing with double bending. A drawing speed of 10 mm/s was applied in all cases. 

For cup deep drawing, the die radius was 4 mm. The drawing clearance of the cup forming tools was set to 

0.7 mm and 1 mm. An initial blankholder pressure of 3.2 MPa was applied. All cup drawing tool parts have 

also been produced from powder feedstock by laser metal deposition, and these investigations can be found 

in [32]. The tools were machined by milling and die-sinking electrical discharge machining (EDM). For lu-

bricated forming, Wisura ZO3368 lubricant was applied.  

 
Figure 5: a) Sketch of strip drawing with double bending, b) bended strip as a U-shaped component. 

4 Results 

4.1 Reinforcement by laser melt injection and local laser particle fusion 

Laser melt injection with a homogenously distributed hard particle layer was accomplished for single and 

multi-track layers as illustrated in Figure 6. It can be clearly observed that the hard particle layer for the 

single track has a small increase in height which is above the original substrate surface. This untreated sur-

face cannot be used for dry metal forming and will have to be machined to the final contour by spark erosion. 



 

 

Multiple tracks can be laser melt injected side by side with a particular offset to produce a wider layer. After 

spark erosion the multi-track layer is showing a particle surfaces with a homogenous particle distribution 

over several millimeters, Figure 7. 

  
Figure 6: Single and multi-track LMI layers in an aluminum bronze 

with a homogenously distributed hard particle layer in the machined 

surface area 

Figure 7: Homogenous distribution of spherical fused tungsten carbide 

particles in aluminum bronze after laser melt injection [39] 

The reinforcement of the MMC tool surfaces can be significantly influenced by the hard particle content. To 

adjust the hard particle content precisely the process parameters of the LMI are of major importance. Espe-

cially the powder mass flow, laser power and process velocity can be varied to obtain the desired particle 

content for specific tribological properties. The hard particle content was always measured by metallographic 

images. The measured particle content was determined via grey scale images using Matlab. Figure 8 shows 

an example the dependency of the particle content and powder catchment efficiency (PCE) from the powder 

mass flow by a constant laser power and process speed. It can be clearly observed that the particle content is 

increasing linearly by higher powder feed rates. The PCE is decreasing because of an increasing loss of par-

ticles which are not fed into the melt pool. More experimental results for laser melt injected single tracks can 

be found in [33]. Multi-track LMI allows for higher hard particle content, and in [39] the highest achieved 

particle contents for one-stage LMI of up to 55% are reported.  

 

 
 

Figure 8: Influence of the powder mass flow on the powder catchment 

efficiency and the particle content 

Figure 9: Height, width, and distance from the lowest nugget point to 
the original surface of FTC nuggets fused by LLPF using a laser power 

of 2 kW and powder feed rates of 22.5 g/min at a pulse time range of 

460 ms to 620 ms [30] 

The limitation of the maximal particle content in the matrix material is based on the capacity of the melt pool 

as well as the melt pool movement itself. A further increase of the particle feed rate leads to an uncontrolled 

fusion of the particles with defects and pores which is connected with a high energy input into the material 

[39]. The particles start to melt, so the properties of the powder material cannot be guaranteed due to dissolu-

tion and degradation effects [35]. The powder catchment efficiency is mainly constant and the melt pool 

movement by the marangoni flow may even lead to an emission of the particles out of the melt pool [41]. For 

a regular laser melt injection process, hard particle contents of up to 55% have been achieved [39], and as a 

consequence, a higher ratio of hard particle area to total area of the tool surface is not feasible in a one-stage 



 

 

LMI process. To further increase particle content, a multi-stage LMI was carried out in [30], which however 

was found not feasible for improving the MMC tool surfaces.   

After a regular LMI, a second local LMI can be conducted under additional powder supply of 22.5 g/min to 

obtain an FTC nugget with significantly larger dimensions compared to the particles as shown in Figure 9. 

The geometrical dimensions like height and width are growing during an increased pulse duration by a con-

stant laser power of 2 kW. Here the nugget height is increasing from 0.5 mm to 1 mm while width grows 

from 1.8 mm to 2.3 mm. However, the distance from the lowest nugget point to the original surface remains 

constant at 0.5 mm so a further growth into the depth of the matrix material is not possible. Therefore, the 

LLPF process has a limited reach into the depth of the matrix material and depends on the powder mass flow 

and the energy input into the material. At specific pulse durations [30] and too low energy input [42] the 

nugget is build up on the top of the material surface rather than into depth, and it cannot provide an effective 

contact area because the top material has be cut for the final tour contour. A higher energy input for the 

LLPF leads to an uncontrolled fusion process with large pores and cracks [30]. 

The hardness of FTC nuggets is up to 2500 HV0.5, see Figure 10, slightly lower than the typical hardness 

values of tungsten carbide of 2800 HV [34]. The FTC particles had a lower hardness of 2085 ± 85 HV0.5, 

while the transition (seam) area of the nugget had an even lower hardness of 1652 ± 231 HV0.5. The devia-

tion in the hardness of the FTC seam must be explained by a degradation of W2C to WC due to thermal deg-

radation effects [35]. The lowest hardness was observed for the MMC bronze matrix, at 326 ± 32 HV0.5.  

  
Figure 10: Hardness comparison of FTC nuggets, FTC nugget seam, 

FTC particles and bronze matrix [30] 

Figure 11: EDS analysis showing a similar composition for FTC nug-

gets, nugget seam and particles [30] 

FTC nuggets, seam and particles have nearly the same EDS spectra, thus the nugget consists of the chemical 

components of fused tungsten carbide, see Figure 11. The spectra are showing a clear difference to the 

bronze matrix. Only small Cu peaks around 1 keV are an indicator that the nuggets contain this element as 

well.  

4.2 Surface structuring by laser ablation 

To obtain a protruding hard particle surface which avoids adhesive wear during the sheet metal forming the 

MMC surface must be laser ablated. Due to a different ablation rate of the matrix material and hard particles 

the matrix is set back so a high-low structured surface with a depression is generated as seen in Figure 12. It 

can be clearly observed that the particles are protruding at the top of the surface and provide a hard particle 

plateau surface. The laser ablation ratio is defined as the depression depth hd in relation to the total ablation 

depth hM. This ablation ratio is an instrument to determine how selectively matrix material was ablated. 

Figure 13 shows the ablation depth of the matrix regarding to the initial state of the surface hM and the de-

pression hd as a function of the laser spot diameter and the pulse energy. An increased laser spot diameter is 

decreasing the ablation depth. Increasing the pulse energy from 87 µJ to 116 µJ leads to higher ablation 

depths of the matrix referring to the initial state of the surface hM of 38% ± 10% and in an increased depres-

sion hd of 36% ± 16%. 



 

 

 

 
Figure 12: Definition of laser ablation ratio and surface profile of the 

laser ablated MMC surface [36] 

Figure 13: Ablation depth in relation to the laser spot diameter and 

pulse energy with a decreased ablation depth by larger laser spot diame-

ters [31] 

The effect of setting back the matrix by selective laser ablation is taking advantage of the different vaporiza-

tion temperatures, as the aluminum bronze has a much lower vaporization temperature compared to the tung-

sten carbide particles. The ablation ratio as a function of the laser spot diameter and pulse energy is presented 

in Figure 14. It can be seen that higher ablation ratios are obtained by increasing the laser spot diameter and 

pulse energy.  

  
Figure 14: Relation of the pulse energy and laser spot diameter on the 

ablation quotient [31] 

Figure 15: Linear behavior of the depression depended on the scan 

repetition by laser ablation [31] 

The depression can be adjusted by the number of scan repetitions, and a depth of more than 20 µm between 

hard particle and matrix can be achieved. A linearly increasing depression by a higher number of scan repeti-

tions is observed, see Figure 15. Thus, a high-low structure can be achieved with a very well controllable 

depression. 

4.3 Strip drawing for the determination of the friction coefficient 

The dry metal forming of all MMC tool surfaces included the analysis of reference tools without hard parti-

cle reinforcement, influence of tool geometries, lubricated and dry forming, forming under higher contact 

pressures, local reinforced tools by LLPF and surface characterization of the formed metal sheets. Reference 

tools and MMC tools should be compared to see the effect of the hard particle reinforcement on the friction 

coefficient and forming forces. The influence of the tool geometry was determined for the drawing clearance 

and die radius. For surface quality assessment of the formed metal sheets the sheets were controlled for ad-

hesive wear as well as grooves. Figure 16 is illustrating a strip draw jaw reinforced by hard particles in the 

final contour for the determination of the friction coefficient. These strip drawing jaws were used to deter-

mine the influence of depression and contact pressures on the friction coefficient. It can be observed that the 

particles are covering a homogenous area on top of the tool surface. 



 

 

 
Figure 16: Hard particle reinforced strip drawing jaw for determination of the friction coefficient [31] 

To distinguish the effect of the depression on the friction coefficient in strip drawing the high alloy steel 

1.4301 was tested under lubrication and without lubrication by varying the depression between 5 µm and 

20 µm at a contact pressure of 2.5 MPa as seen in Figure 17. The tribological tests without lubrication had 

an average friction coefficient of 0.17 ± 0.02. All in all, the depression of an MMC surface has nearly no 

significant effect on the friction coefficient at a constant contact pressure.  

In contrast, for a lubricated strip drawing a higher depression caused an initial increase of the friction coeffi-

cient from below 0.05 to approx. 0.1. An increased friction coefficient for lubricated tools with depression 

can be explained by a limited capacity of the lubricant to completely fill the laser ablated surface. In this case 

the metal sheet has a mixed lubrication state during the forming where the hard particle plateau on top of the 

surface is facilitating a lack of lubrication and the reduced contact area due to the surface topography leads to 

higher local contact pressures. The high-low structure of the laser ablated surface acts like a high-roughness 

material.  

  
Figure 17: Dependency of friction coefficient on the depression [31] Figure 18: Increasing friction coefficient of the CuAl10Ni5Fe4 refer-

ence tool by higher contact pressures under dry sliding conditions [38] 

Figure 18 illustrates the dependency of the friction coefficient and the contact pressure for the 

CuAl10Ni5Fe4 reference tool in a strip drawing test without bending. The graph shows the strip drawing for 

a lubricated sliding and a dry sliding. For the dry sliding a gradual increase of the friction coefficient from 

0.2 to 0.3 can be observed by applying higher contact pressures in the range of 4 MPa to 20 MPa. The fric-

tion coefficient of the lubricated sliding remains constantly below 0.2. It seems like higher contact pressures 

in a lubricated sliding are decreasing the friction coefficient slightly because the lubricant has to fill out the 

valleys of the surface roughness [37].  

Figure 19 presents the steady increase of the friction coefficient from 0.4 to more than 0.6 for MMC surfac-

es with a depression of 3 µm when applying higher contact pressures in strip drawing. A lubricated sliding 

stagnates at a friction coefficient of 0.2 and is much smaller compared to the dry sliding. In contrast to strip 

drawing with the reference tool, the friction coefficient is at least twice as high. 



 

 

  
Figure 19: Increasing friction coefficient of the MMC tool with a de-

pression of 3 µm by higher contact pressures under dry sliding condi-

tions [38] 

Figure 20: Difference in surface roughness of the sheet metal by apply-

ing higher contact pressures for a MMC tool with a depression of 3 µm 

[38] 

The surface roughness of the tested metal sheets was examined to determine the surface quality of parts. 

Figure 20 is showing the surface roughness by applying higher contact pressures for MMC tools with a de-

pression of 3 µm. It can be clearly observed that a low contact pressure of 4 MPa shows a slight increase of 

0.1 µm in roughness compared to the original surface. By increasing the contact pressure above 12 MPa the 

surface roughness Sa rises significantly from 0.3 µm to 1.2 µm for the dry strip drawing. This surface rough-

ness is twice as high as after lubricated strip drawing.  

4.4 Strip drawing with double bending and deep drawing of cups 

For the CuAl10Ni5Fe4 reference tool a larger drawing clearance leads to a decrease in the maximum form-

ing force as seen in Figure 21. The lubricated strip drawing resulted always in lower forming forces com-

pared to the dry strip drawing. Increasing the initial blank holder pressure from 1.6 MPa to 3.2 MPa needed 

higher forming forces. 

  
Figure 21: Variation of the drawing clearance for the CuAl10Ni5Fe4 

reference tools and maximum forming forces for strip drawing with 

double bending [39] 

Figure 22: Variation of the die radius for the CuAl10Ni5Fe4 reference 

tools and maximum forming forces for strip drawing with double bend-

ing [39] 

Increasing the die radius of the CuAl10Ni5Fe4 reference tool reduces the maximal applied forming force as 

seen in Figure 22. Also here the lubricated strip drawing had lower forming forces in contrast to the dry strip 

drawing. An increase of the initial blank holder pressure from 1.6 MPa to 3.2 MPa leads to a rising in the 

maximum forming force by about 200 N. 

Figure 23 presents the maximum forming force depending on the die radius for MMC surface without de-

pression. The result shows that by increasing the die radius from 5 mm to 7 mm the forming force will de-

crease significantly. Especially the dry forming with an initial blankholder pressure of 3.2 MPa had a differ-

ence in the forming force of about 600 N due to the changed die radius. Compared to the reference tool in 

Figure 22 here the forming forces are much higher and a deviation of 500 N for the 5 mm die radius can be 

observed. The lubricated strip drawing always has lower values compared to the dry strip drawing. 



 

 

 
 

Figure 23: Variation of the die radius for the MMC tools without de-

pression and maximum forming forces for strip drawing with double 

bending [39] 

Figure 24: Variation of the die radius for the MMC tools with 5 µm 

depression and maximum forming forces for strip drawing with double 

bending [39] 

Figure 24 shows a steady decrease of the maximum forming force by applying larger die radii for MMC 

surfaces with a depression of 5 µm. It can be clearly seen that the dry sliding force is significantly higher 

compared to the lubricated strip drawing. Overall, the maximum forming forces for the MMC tool with de-

pression are the highest in contrast to the reference tool and the MMC tool without depression.  

In deep drawing of cups the bronze tool showed a smaller maximum forming force in contrast to the MMC 

tools for the lubricated and dry metal forming as illustrated in Figure 25. The forming force between the 

lubricated and dry forming shows a difference of 4 kN. For the dry metal forming by MMC surfaces a much 

higher standard deviation can be determined. 

 

 

Figure 25: Deep drawing of cups with bronze reference and MMC tools 

under lubricated and dry metal forming conditions [39] 

Figure 26:  Adhesive and abrasive wear in the deep drawn cups using 

the bronze reference tool and a hard particle reinforced MMC tool 

surface [39] 

Figure 26 is illustrating the adhesive and abrasive wear by dry deep drawing of bronze reference tools and 

MMC tools. For the deep drawn cups by the MMC tool grooves can be observed while the cups formed by 

the bronze tool showed no grooves. This result fits with the increasing surface roughness by applying higher 

contact pressures as in the strip drawing. During the forming the peaks of the harder surface can penetrate 

into the softer material [40]. The bronze tool showed some adhesive wear as indicated by EDS mapping of 

the surface, while the adhesive wear can be avoided by the MMC tool surface. 

4.5 Strip drawing with double bending using tools reinforced with FTC nuggets  

The particle penetration into the metal sheet surface should be further reduced by increasing the particle con-

tacting area by introducing higher particle contents. Figure 27 is showing a theoretical model of the penetra-

tion depth depended on the particle content. In this simple model it is assumed that only one particle size is 

applied in the surface and all particles were cut at the height of 25%. It can be clearly observed that small 

particle diameters and high particle contents are reducing the penetration depth most effectively. It should 

however be noted that at a given particle content, reducing the particle size will have the benefit of increas-



 

 

ing the number of particles and reducing the distance between particles. From this model it can be deduced 

that a larger contacting area is required for reducing the penetration depth into the workpiece. Therefore, 

fusing of FTC particles to FTC nuggets can be the optimal solution to achieve a local 100% particle contact 

area.  

 
Figure 27: Theoretical model for a reduction of the particle penetration depth by increasing the particle content to 80% for different particle sizes and 

a cutting height of 25% for the particles 

To avoid scores and grooves and higher friction during the dry sheet metal forming the tools were reinforced 

in the center of the radius area by FTC nuggets, see Figure 28. For these tools an inversed LLPF was carried 

out where the local reinforcement was conducted before the regular LMI. By this method, FTC nuggets with 

an area more than 1 mm2 can be produced. 

    
Figure 28: Process chain for LLPF strip drawing jaws with an FTC 

nuggets of more than 1 mm2 in the radius [30] 

Figure 29: Dry strip drawing with double bending with local reinforced 

tools by FTC nuggets with a forming force reduction below the bronze 

tool for locally coated top and radius leading edge tools 

Figure 29 is showing the result of strip drawing with double bending for tools that are locally reinforced 

with FTC nuggets in different regions of the tool surface compared to the bronze reference tool. The tool 

solely reinforced by 50% particle content is showing the highest forming forces above 2000 N. Also, a tool 

reinforced with FTC nuggets in the radius center showed a slightly higher force compared to the aluminum 

bronze reference tool by about 100 N. Furthermore, it can be clearly observed that an additional local rein-

forcement at the top and radius area of the tool is decreasing the forming force below the force of the bronze 

tool. The lowest forming force with 1850 N can be determined for the tool where the top, leading edge and 

radius areas are reinforced. This confirms the assumption that maximizing the FTC reinforced contacting 

area of the tool is beneficial for dry metal forming. 

 Figure 30 presents the wear appearance for the aluminum bronze reference tool and a dry formed reference 

metal sheet. The upper tool surface area is showing grooves as well as tiny dimples and the arithmetic mean 

roughness Sa was 5.74 µm. In the radius center the same wear appearance was observed and the arithmetic 

mean roughness was slightly lower with 3.44 µm. The grooves can arise due to the surface friction and the 

dimples must be resulting from the adhesion between the tool and metal sheet surface. The dry formed metal 



 

 

sheet is showing a large dimple in the surface which results from adhesive wear. Also, the surface appears 

rough, indicated by an arithmetic mean roughness of 8.91 µm. 

  
Figure 30: Dry metal forming with the aluminum bronze reference tool 

showing grooves and adhesive wear on the tool and metal sheet surface 

Figure 31: Visible wear appearance VW and roughness parameters of 

MMC tool surfaces reinforced by FTC nuggets in the tool radius area for 

dry metal forming 

For MMC tool surfaces reinforced by FTC nuggets in the tool radius area, the visible wear appearance VW 

and the roughness parameters are presented in Figure 31. Here the upper tool surface, the radius leading 

edge and the radius center were observed regarding abrasive wear. The visible wear measured by greyscale 

images is the highest at radius leading edge with more than 23 % indicating that the highest pressures should 

be in this area. Furthermore, the arithmetic mean roughness Sa as well as the square roughness Sq are increas-

ing for an increased wear area in the radius leading edge and the radius center. The radius center has the 

highest roughness values with Sa = 8.034 µm and Sq = 10.177 µm which might be due to pores in the FTC 

nugget.  

Figure 32 is comparing the abrasive wear of different reinforced tools (particle only, radius nuggets and 

nuggets in all areas) observed at different locations on the surface (top, leading edge and radius center). It 

can be clearly observed that the tool reinforced only by particles is showing the highest abrasive wear on 

every location of the tool. Especially the upper tool area has a clearly visible abrasive wear of the particles. 

The abrasive wear on the upper tool area was significantly reduced by applying an FTC nugget in the radius 

center of the drawing die. Here the highest abrasive wear can be seen at the radius leading edge. Reinforcing 

all relevant areas of the tool is significantly reducing the abrasive wear at both the upper area and leading 

edge. As a drawback, however, the visible wear is slightly increasing in the radius center.  

 

 
 

Figure 32: Comparison of abrasive tool wear at different surface loca-

tions reinforced only by particles and by FTC nuggets applied in the 

radius only or at the top area, radius leading edge and radius center 

Figure 33: Comparison of formed metal sheets regarding abrasive wear 

for reference metal sheet, drawn by particle surface with a hard particle 
content of 50% and by a tool with FTC nuggets showing a decrease of 

grooves and the arithmetical mean deviation for the latter tool surface  



The as-supplied 1.4301 reference metal sheet and the dry formed metal sheets drawn by a tool surface with 

50% particle content and one reinforced with FTC nuggets are illustrated in Figure 33. It can be observed

that the reference sheet has the lowest characteristic roughness values compared to the dry formed metal 

sheets. Also the surface structure has no defects and the arithmetic mean roughness Ra is about 5 µm lower in 

contrast to the metal sheet formed by the reference tool in Figure 30. Both metal sheets formed by MMC

tools are showing grooves by the particle penetration during the strip drawing. The arithmetic and square 

roughness are the highest for the tool with a particle content of 50%. For the metal sheet formed by the tool 

reinforced with additional FTC nuggets, wear is significantly reduced and large areas without grooves can be 

observed and the arithmetic mean roughness Ra and square roughness Rq are decreasing to 8 µm and 

13.32 µm, respectively. The values Rp and Rv illustrate that also metal sheets formed by nugget-reinforced 

tools show some deeper grooves in the surface. Consequently, the distance between the nuggets should be 

further reduced to achieve a truly defect free metal sheet surface. 

5 Conclusions 

• A process chain of laser melt injection and subsequent selective laser ablation allows to produce a

novel MMC tool surface characterized by a plateau out of hard particles standing out of the matrix.

Homogeneous hard particle distribution and a precise control of the depression are achieved by iden-

tification of the main parameter effects. Establishing this process chain fulfills the first goal of the

project as a prerequisite for assessment of the non-lubricated tribological behavior.

• The particle reinforced MMC tool surface shows higher friction compared to a non-reinforced tool

surface under dry sliding conditions against stainless steel sheet, and friction is significantly higher

than in the lubricated case. An understanding of the tribological behavior of the materials during dry

forming and the main influences including hard particle size and distance, the contacting area ratio,

and the ablated depth of the metal matrix has been established. An understanding of a preferable tool

surface design was derived, indicating that a higher contacting hard particle area will be beneficial to

reduce local pressure.

• Despite higher friction, the particle reinforced MMC tool surface enables non-lubricated deep draw-

ing of cups and is capable of vastly eliminating adhesive wear, which was the primary target of this

work.

• However, under deep drawing conditions hard particles can penetrate the sheet metal surface and

cause scoring, thus abrasive wear is becoming an issue that can be attributed to high local pressure in

the contacting area. Consequently, the contacting hard particle area should be maximized.

• Local laser particle fusion has been established as a novel method to introduce additional local FTC

nugget areas that are 2 to 3 orders of magnitude larger than the FTC particles and provide a high

hardness due to a tungsten carbide content close to 100%. This overcomes the former limitations of

laser melt injection regarding the achievable hard particle content in the surface.

• Dry deep drawing of stainless steel with significantly reduced scoring issues and reduced forming

forces is enabled by the application of additional FTC nugget reinforcements in all high-loaded areas

of the tool surface including the top surface, edge and radius areas of drawing dies. This is attributed

to increasing the contacting area and thus reducing local pressure, which supports the hypotheses de-

rived earlier and adds substantially to the fulfillment of the goals of this work.

• Potential fields of application for dry deep drawing of stainless steel with aluminum bronze tools re-

inforced by FTC particles and FTC nuggets can be the production of white goods like kitchen sinks,

washing machines or metal containers which often require a sheet thickness of 0.5 mm or below. It

should be noted that the investigated stainless steel is a material of relatively high strength and thus

limited formability. Therefore, a wide industrial application field is open towards thinner sheet and

materials of higher formability.
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