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Abstract. The ability of the laser-assisted Direct Metal Deposition (DMD) method for fabricating 
structures from high-strength steel alloys for use in engineering applications requiring high strength, 
ductility, and hardness is explored. Strong and porous specimens are prepared and analyzed in 
similar conditions due to the growing interest in metallic honeycomb and sandwiched structures. 
DMD cladding on mild steel plates as substrates creates specimens using two separate powders of 
316L stainless steel and H13 tool steel alloy. The sections are subjected to quasi-static compressive 
loading, with stress vs. strain curves plotted and analyzed. The findings demonstrate that solid and 
porous steel frameworks with yield strength and ductility comparable to commercial grades can be 
developed using low laser power. Porous structures have outstanding properties that make them 
perfect for use in the rapidly increasing field of metallic honeycombs and sandwiched structures. 
Low elasticity modulus is a problem, but it can be enhanced with heat treatment. 
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Introduction 

Stainless steels have excellent corrosion resistance due to substantial amounts of chromium (about 20 
wt.%) and high toughness at cryogenic temperatures owing to addition of nickel besides very good 
strength and hardness [1]. During last 15 years there are lots of research concentrating on 
investigating the static and dynamic stress-strain behaviour of metallic honeycombs and sandwiched 
structures under compressive loading [2,3]. The most preferable materials are aluminium and 
stainless steels. Cote et al [4] have found square honeycombs to offer a combination of crushing 
resistance and in-plane stretching strength as the performance parameters which are further enhanced 
by using materials with high strain hardening like stainless steels. 

Apart from normal manufacturing methods for producing stainless steel honeycombs which 
include welding and riveting thin sheets together; non-traditional laser assisted additive 
manufacturing systems also provide a highly promising opportunity for such structures with vast 
potentials. Among these technologies, direct metal deposition (DMD) [5] is especially suited for 
manufacturing high strength metallic structures due to wide range of available beam power (250 W to 
5 kW) which aids in controlling the clad thickness from 1 mm to 3 mm, faster scanning speeds and 
large machine bed size of 2 x 1 m2. 

In this work we investigate the compressive elastic-plastic behaviour of solid and porous parts 
developed on DMD machine from AISI grade 316L stainless steel (SS) and H13 tool steel (TS). Since 
DMD is very different from the conventional manufacturing techniques which involve the use of dies, 
tools and machine generated forces to shape and form the part, it is necessary to determine the 
mechanical properties of cladded parts from all possible aspects of efficient and safe performance in 
engineering applications. The parts are tested in as-cladded conditions without any heat treatment. 
Stress strain curves are plotted for solid and porous parts and the mechanical properties are compared 
with respect to each other and also against the commercially available grades to ascertain the 
engineering value of laser generated parts. 
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Experimental Procedure 

All the specimens were produced on the POM-DMD machine operating with a CO2 laser that can 
generate beam power up to 5kW. The properties and micro-structure of any part or coating created on 
DMD machine depends on a set of machine and process parameters, which are controllable during 
operation and the final outcome depends on their optimum combination [6]. The optimized DMD 
process parameters for creating the solid and porous specimen are given in Table 1. 

Table 1: DMD Process parameters 
 

Parameter Unit Value 

Laser energy Watts 500 

Scan speed mm/min 30-80 

Powder feed rate g/min 3–4 

 
316L SS and H13 TS have significant differences in their mechanical properties which are not 

entirely independent of their chemical composition. The chemical composition of the two powders 
obtained from supplier’s data is presented in Table 2. 

Table 2: Chemical Composition of metallic powders used in Laser Cladding on DMD 
 

A. 316 L stainless steel powder supplied by SULZER Metco Australia 

Element Iron Chromium Molybdenum Nickel Manganese Silicon Carbon 

Composition % wt. 62-72 16 -20 2 - 4 10 - 14 1 2-3 0.03 

B. H 13 tool steel powder supplied by Alloys International Australasia Pty Ltd. 

Element Iron Chromium Molybdenum Niobium Manganese Silicon Carbon 

Composition % wt. Balance 5 - 7 1.5 - 2 1 - 2 0.4 1 0.35 

 
In total 12 specimens (6 solid + 6 porous) from two metals were produced by the laser assisted 

DMD process, which ascribes 3 specimen per material per type for each test. If proven tough, stiff 
and strong then the porous cladded structures can serve as building blocks for developing sandwich 
structures. Subsequent to cladding, the specimen were turned to the required size and then parted off 
from the mild steel substrate. Actual porous parts prepared for testing and the CAD model used in 
generating those parts on DMD are illustrated in Fig. 1. 

 

(a) (b) 
Figure 1. (a) Porous machined specimens after parting from substrate, (b) CAD diagram of the 

sample. 

The parts are manufactured with different dimensions for solid and porous specimen. Size 
difference is due to constraints on minimum wall size that can be manufactured on DMD. Table 3 
presents the average dimensions for every type of prepared parts (porous +solid) after finishing. 
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Table 3: Average Specimen Size and Dimensional Information 
 

Material Type Outer Dia. Length % of Solid Volume 

H13 Solid 4.06 3.89  

H13 Porous 8.1 4.53 73.43 

316L Solid 4.03 3.71  

316L Porous 8.06 3.91 73.16 
 

Results and Discussion 

All the specimens were uniaxially and uniformly compressed to a linear distance of 3.2 mm, a 
displacement equal to approximately 75-85 % strain (depending on individual part length), under the 
platens of 250 kN capacity MTS-7973 machine. The error in extensometer readings of the machine is 
between ± 1%. The resulting reactive forces were measured by load cells and recorded by the data 
acquisition system. The final plastic deformation in the specimen after load removal is always found 
to be less than 3.2 mm due to strain recovery as a result of ductility of steel. Solid pieces were almost 
flattened (crushed) by the compressive forces without breaking or fracture, but porous pieces showed 
lesser length reduction due to internal space available for lateral expansion under the load, within the 
cavities. Fig. 2 (a) shows the true stress versus true strain curves plotted for H13 TS specimen and is 
used for illustrating the three distinct zones within the plotted area. And in Fig. 2 (b) and 2(c) the 
curves for solid and porous specimen are plotted together for comparison. 

a b 

 

c 

Figure 2. True stress-strain curves for (a) H13 TS solid, (b) H13 TS solid and porous, and (c) 316L SS 

solid and porous specimens under quasi static loading (strain rate = 0.001) 
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The ensuing discussion focussing on a number of observations inferred from these curves is 
presented as follows. 
1. All the curves are non-linear in elastic and plastic regions both as expected from the stress strain 

behaviour of high strength steel alloys [7]. The yielding region is also prominent in all the graphs. 

The values of 0.2% proof stress, which is the accepted criterion for determining yield point of 

stainless steels [8], is calculated to be 235 MPa for 316L SS and 1250 MPa for H13 TS. These 

values are comparable to the values of static yield stress found for these steel alloys in 

manufacturer’s nominal properties catalogues. 

2. The four curves in Figs. 2(b) and 2(c), although differing with each other in numerical values of 

yield strength and modulus of elasticity, display a common trend that can be explained by 

highlighting three distinct zones and regions within the plot area of stress-strain curves as shown in 

Fig. 2 (a). These are (i) initial region labelled as zone ‘A’ of low elastic modulus up to strain of 

0.3% and shown in Figs. 3(a) and 3(c); (ii) the area with higher modulus of elasticity up to yielding 

is zone ‘B’ which varies for each case but on the average it spans from strain values of 0.4% to 

anywhere between 2 and 2.5%, and shown in Figs. 3(b) and 3(d); (iii) the plastic zone ‘C’ after 

yielding which does not show any reversal of stress due to absence of rupture or fracture till 40% 

strain. The evidence of strain hardening in the plastic zone is evident by the upward moving curves 

of stress with increasing strain as shown in Fig. 2(b) and Fig. 2(c). Strain hardening effect is more 

pronounced in H13 TS in comparison to 316L SS. 

a b 

 

c d 

Figure 3. Piecewise stress strain relationship from 0 to 0.35% (a) & (c) and 0.30 to 3% (b) & (d) 

 
3. The stress strain curves exhibit dual slope within the yielding region. Referring to Fig. 3(a-d), 

slopes of stress strain curves are entirely different in zones A and B. The resulting slope of both the 

curves confirms that the value of (Young’s) compression modulus of the produced materials is 
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quite low in comparison to the values found in manufacturer’s catalogues and handbooks for the 

commercially available grades. Using the linear trend line with R2 parameter above 90%, the 

estimated values of compression modulus are as shown in Table 4. 

Table 4: Young’s Moduli in the Yielding elastic region 
 

 
Material 

 
Zone designation 

Range in % 

strain 

Young’s Modulus for 

tested specimen (GPa) 

Young’s Modulus for 

commercial grades (GPa) 

[8] 

Stainless 

steel 

316L 

Primary Yielding ‘A’ 0 to 0.32 17  
193 – 200 (Annealed) Secondary Yielding 

‘B’ 
0.35 to 2.7 38 

Tool steel 

H13 

Primary Yielding ‘A’ 0 to 0.3 26  
210 (Hot Worked) Secondary Yielding 

‘B’ 
0.35 to 2.2 45 

 
4. The presence of low modulus of elasticity is also reported in literature for laser cladded steels [9]. 

Although the values reported here are not that low but in comparison to those for rolled sheets are 

still low enough as is clearly evident from Table 4. This behaviour and the exhibition of dual 

modulus in the stress strain curve can be explained in terms of micro-porosity that is almost always 

present in parts, which are produced by sintering or melting of powder. The inherent micro-

porosity may act as a “notch” and results in abrupt change in slope of stress-strain curve within 

the yielding region [10]. For many applications particularly those involving tensile loads, this 

behaviour may be undesirable but in response to compressive loadings this initial deformation is 

beneficial in that it provides a cushioning effect and induces the capability to absorb shock and 

impact loads without loss of strength. 

5. There are many important points to note from the curves comparing stress strain behaviour of solid 

and porous parts, shown in Figs. 2(b) and 2(c). The trends are different for 316L and H13 steels. 

The H13 curves do not intersect at all and show equal values of yielding stress at different strain 

values. But for 316L curve, at 30 % strain the two curves intersect after which the porous curve 

shows higher stress values than for solid part. But as mentioned earlier that there may be many 

irregularities in the micro-structure of laser cladded parts leading to some abnormal behaviour. But 

in the region of practically important strains i.e. up to 15%, the readings are consistent enough for 

many engineering applications. 

6. The compression modulus is directly proportional to the square of ratio of density of porous 

structure with respect to the solid structure [11]. It implies lesser stiffness for porous parts than 

fully solid parts as is evident from the graphs. The porous curves show a lesser slope or more 

deformation under the same load. Since the density ratio is 0.73, therefore, compression modulus 

for porous parts is approximately half of the value of modulus for solid parts. But for many 

applications this stiffness is practically feasible. Despite this loss in stiffness, porous steel 

structures exhibit superior ductility shown by absence of fracture under large strains. 
 

Conclusions 

Two high  strength steel alloys 316L SS and H13 TS were used in powder form to create cylindrical 
solid and porous specimen on DMD system and tested under compressive loading at quasi static 
strain rate. Since the parts are tested in as-cladded condition without any heat treatment or stress 
relieving operations, therefore, inconsistencies are observed in the measured values. Another 
shortcoming from the manufacturing aspect is the lack of any forming and shaping forces involved 
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during production of part that effectuates micro-porosity and fractional non-homogeneity in the 
microstructure. But the variations observed are not entirely random that can eventually cause the 
specimen from same material to behave entirely differently under similar testing conditions. Instead 
the observed variations are confined within ±5% of the average values presented in this paper. The 
values for 0.2% proof stress and maximum elastic strength are very close to those available for 
commercial grade steels and show good repeatability, which proves that the steels “produced” by 
laser assisted DMD process are competitive enough in strength and ductility values. But the 
noticeable departure is low value of compression modulus. This can be improved by heat treatment 
considerably. This paper also proves the feasibility of DMD process for creating parts with 
customized cavities or pores from ‘difficult to process and machine’ steel alloys for applications 
involving large magnitudes of strain. Porous steel sandwich structures and foams are finding 
increasing use in aerospace, automotive and chemical applications [12]. For all these applications, 
combination of sufficiently high strength, corrosion resistant properties, high heat transfer rates, 
greater ductility without fracture and efficient manufacturability make DMD produced porous steel 
structures an attractive and practically viable option. 
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