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Abstract 

Additive Manufacture (AM) offers great potential for creating metallic parts for high end products used 
in critical application i.e. aerospace and biomedical engineering. General acceptance of AM within 
these fields has been held back by a lack of confidence in the consistency of the mechanical properties 
of AMed parts associated by the occurrence of porosity, large columnar grains and texture. In this 
research, to counters this problem we have combined hot forging and subsequent heat treatment. 
Although, perhaps not best suited to components featuring fine detail, this technique should be well 
suited to the manufacture of forged components such as fan blades. Here, AM is able to create a near 
net-shape blank which is then hot forged to size, eliminating intermediate production stages and 
generating good mechanical properties in the final component. The material used in the current study 
is AM 316L Stainless Steel. By altering the printing parameters of the AM machine, two batches of 
samples were built, each displaying a different porosity content. This allowed the influence of initial 
build quality to be illustrated. By comparing the two sample batches, it was possible to gain an insight 
into the possibilities of controlling porosity and material microstructure. The success of the proposed 
hot forging and heat treatment technique was validated by mechanical testing (i.e. tensile and hardness 
experiments) and microstructure evolution characterization (i.e. optical microscopy observation and 
electron backscatter diffraction (EBSD) techniques). The results revealed that the post processing 
strategy reduced material porosity and enabled the creation of a more robust microstructure, resulting 
in improved mechanical properties of the AM material. 
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1. Introduction 
The research presented here investigates the use of hot forging as a technique for improving the 
mechanical properties and industrial application of metallic AM components. Over the last two decades, 
the AM process has emerged as one of the most significant drivers in commercial metallic material 
manufacturing technologies, as described by Frazier [1]. Automotive, aerospace, and healthcare 
industries encouraged the use of AM in their businesses because of great advantages. According to 
Kruth et al. [2], the use of AM for rapid prototyping can generate significant economic and 
technological development. AM technology is defined as a process of fusing materials together layer 
by layer and finally forming a 3D model from CAD data. Its emergence is related to the great potential 
for manufacturing complex geometry that are difficult or impossible to manufacture by conventional 
machining or casting operations [3]. Ghouse et al. [4] found that by using AM methods such as Powder 
Bed Fusion (PBF) they were able to manufacture parts with abstract shapes within short lead-times and 
with no tooling costs. Despite these great potential advantages, the reality of moving the AM into large 

mailto:c.pruncu@imperial.ac.uk


 
 

scale production is restricted by robust control of manufacturing parameters, which can lead to the 
manufacture of parts with defined microstructures and minimal defects.     

Lee et al. [5] highlighted that the properties of AM materials produced by laser PBF depend on a 
larger number of process parameters such as average laser power, power stability, central wavelength, 
spectral bandwidth, beam diameter, beam quality, pulse energy, pulse duration, repetition rate, the build 
orientation/direction and the tool path. Indeed, Wang et al. [6] and Pellizzari et al. [7] produced superior 
AM parts by varying the deposition strategies. Further, as indicated by Karimi et al. [8], it is expected 
that when the laser exposure time is increased, combined with decreasing hatch spacing both the 
presence of gas porosity and the lack of fusion will reduce. Cherry et al. [9] revealed that by varying 
the laser energy density it is possible to produce dense parts with minimum porosity. Another study 
conducted by Pragana et al. [10] revealed that the manufacturing environment is another factor in the 
manufacture of  samples with lower porosity. In addition,  a better distribution of grain shape, size and 
orientation was achieved by Liu et al. [11] through applying a subsequent thermal cycling process. 
Nevertheless, even setting the optimum process was not possible to achieve a homogenous 
microstructure over the entire component.    

To produce a small laboratory facility for cost effective 3D printing, Gong et al. [12] proposed the 
fused deposition modelling (FDM) process which is based on an Ultrafuse filament. However, the metal 
AM parts produced revealed dimensional accuracy issues. 

Methods of overcoming the shortcomings of AM (i.e. different level of porosity, inhomogeneous 
grain sizes and so on) have been studied with a view to enabling AM parts to be used in service. For 
example, Shao et al. [13] proposed Hot Isostatic Pressing (HIP) as an effective post-process method to 
reduce porosity. This can reduce the pore radius by at least one to two orders of magnitude. As proved 
by Blackwell [14] the HIP operation can also significantly reduce anisotropy and eliminate poor 
interlayer bonding. Wycisk et al. [15] demonstrated that post treatment by HIP is capable of reducing 
process inherent defects and was able to show a significant improvement in high-cycle fatigue 
performance as a result. The HIP process is, however, time consuming and costly in terms of materials 
and equipment.  

Abdulhameed et al. [16] indicated  a new avenue of using hybrid manufacturing (HM) processes in 
which different AM methods are combined with subtractive methods or post processing operations. 
This is intended to overcome the microstructure issues and size limitations posed by AM. A hybrid 
additive manufacture of 316L stainless steel by combining cold spray and selective laser melting was 
proposed by Yin et al. [17]. The results were promising, with fully improved mechanical properties 
being achieved by using a post processing heat treatment. According to Chen et al. [18], the heat 
processing can only be applied  with heat-treatable metallic materials.  

To contribute to the development and application of AM at an industrial scale, a hybrid forming 
technique (AM-micro-forming) was proposed by Jiang et al. [19]. It was further systematically 
investigated here in order to validate its great potential. This combines the AM approach with hot 
forging and heat treatment. The proposed method addresses challenges of cost and material. Cost is 
addressed by the significant reduction in forging operations used in conventional hot forging production 
as a result of using a near net shape blank, thus reducing tooling and operating costs. For example, this 
strategy may successfully be applied to reduce the number of forming passes from 5 to only 2 for the 
manufacture of 316L turbine blades for power station gas turbines, as described in [20]; hence leading 
to savings in tooling cost. The forging and heat treatment process is aimed at material property aspects, 
improving the structure of the AM material and avoiding the limitations of ductility and fatigue response 
associated with current AM metals. This process has also been studied in relation to other materials. 
Sizova [21] investigated the hot working ability of AM Ti64 (SLM process) with encouraging results. 
A study into Wire Arc Additive (WAAM) manufactured aluminium alloy AA5083 by Silva [22] was 



 
 

used to look at formability and void closure in this material when subject to hot compression post-
processing.  

In addition, the proposed method addresses classical problems such as the significant tool wear 
encountered when using high performance materials i.e. Titanium (Ti) and Nickel (Ni) alloys. By using 
the AM approach to produce a preform of the desired geometry enables a reduction in forming 
operations, reducing material waste and tool changes may lead to increased production throughput. The 
results gathered in this research enable to confirm the validity of the proposed novel AM-micro-forming 
procedure. This study also aims to detect the effects produced by the hot forging and heat treatment 
post processes in respect to the mechanical properties of AM samples. The in-depth mechanisms 
generated throughout these post-processes route was examined by applying advanced microscopical 
characterization (EBSD) to observe the grain mechanism and optical observation to detect the porosity 
evolution during the manufacturing process. 

2. Materials and Method 
2.1 Sample preparation and processing conditions 
Two sets of samples made of AM single phase stainless steel were produced under a Renishaw AM250 
Selective Laser Melting Machine. This uses a pulsed laser to fuse the metal powder, with the length of 
pulse controlling the heat input at any point. Detail of the print parameters are given in Table 1. The 
print speed was varied by using two different laser exposure pulse times, 88μs and 110μs, thus 
generating two sample sets of different densities. The shorter exposure time results in a higher laser 
scan speed and a less dense deposition of material. Table 2 presents particulars of the chemical 
composition of stainless steel powder used. These AM samples were later submitted to three various 
post-processing routes to understand and detect a suitable post-processing routine that results in 
enhancements of the mechanical behaviour. Figure 1 shows a brief schematic of the routine and testing 
program. The post-processed samples were mechanically machined into their final geometry for tensile 
testing in agreement with the British Standard (BS) standard [23]. 

 

Table 1 Additive Manufacture - Parameters 

Power 
(W) 

Spot diameter 
(μm) 

Point distance 
(μm) 

Exposure time 
(μs) 

Hatch spacing 
(μm) 

Layer thickness 
(μm) 

Scan strategy 

200 65 60 88 / 110 110 50 bidirectional with 
67° rotation 

between layers 
 

Table 2 Details of chemical composition of AM 316L powder 

Elements  Fe Cr Ni Mo Mn Si N O P C S 

Mass (%) Balance 16-18 10-14 2-3 ≤ 2 ≤ 1 ≤ 0.1 ≤ 0.1 ≤ 0.045 ≤ 0.03 ≤ 0.03 
 

 

Each set of AM samples contained at least three trials to prove the repeatability of the process, while 
three batches were used for the different processing stages. Here the first batch of AM samples (Figure 
1, yellow route), was examined and tested without incorporating any post processing. Then, the second 
batch of AM samples was subject to heat treatment only and was sub-divided into two groups for heat 
treatment at either 900°C or 1040°C for 30 minutes followed by air-cooling (Figure 1, green route). The 
final batch of AM samples was subjected to hot forging (at either 900°C or 1040°C), applying a 
displacement rate of 10mm/s. These later samples were then subjected to the same heat treatment 
applied on the second batch (Figure 1, black route). The processing temperatures were selected based 
on the lower end of the range recommended for use with commercial processes [24]. During the forging 



 
 

routine the samples were forged between two flat anvil disks and a witness plate was used to control 
the amount of deformation. 

 

Figure 1 Diagram of material processing for an AM sample submitted to three various post-processes routines. 
These main processing routes are highlighted as black, green and yellow lines in the figure. 

 

2.2 Hot forging process 
A test to replicate conventional hot forging was applied to understand the influence of mechanical 
deformation on the material properties. To simulate the forging process, a classical Instron hydraulic 
test machine was used. The forming setup is shown in Figure 2, illustrating the furnace and forming rig, 
including upper and lower die with preheated facilities. Mechanical loading was applied at a constant 
displacement rate of 10mm/s, resulting in an effective strain rate of 2𝑠𝑠𝑠𝑠𝑠𝑠−1. Initial die temperature was 
20°C. Manual handling was used to transfer the samples from furnace to die. After deformation the 
samples were held in the die for 10 seconds before being air cooled. This hold time was used to ensure 
that, as far as possible all samples underwent a consistent thermal process and were not unduly 
influenced by differences which may have arisen during manually extracting hot samples from the die.  
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b) 

 

 

Figure 2 The set-up of the hot forging process. a) Furnace and sample and b) die set u 

2.3 Mechanical characterization of AM samples 
The mechanical properties were evaluated for hardness and tensile performance. Here, the mechanical 
hardness tests were conducted on the finish-machined samples in advance of any tensile testing. The 
mechanical hardness tests were carried out under a Zwick 1875 Vickers hardness apparatus in which 
were settled a HV10 load. 

Tensile tests were conducted by applying a constant displacement rate (0.5mm/min) under an Instron 
machine, recording load and elongation. The strain was evaluated by using Digital Image Correlation 
technique in which were recorded the deformation history by tracking the applied speckle pattern. 

       

2.4 Microstructure analysis of samples   
The microstructure and porosity of the samples was examined using polished sections taken from the 
samples. Optical micrographs were used in the evaluation of porosity, and for microstructure studies a 
scanning electron microscope (SEM) with electron backscatter diffraction (EBSD) capability was used, 
allowing texture and grain structure to be examined.  

The end tabs of the samples were considered for microstructural analysis. These samples were 
grounded using progressively finer silicon paper (e.g. 800 grit to 4000 grit). The samples were further 
polished for five minutes using 1 micron diamond suspension and then for a further twenty minutes 
using colloidal silica polishing. This process allows achieving a mirror surface finish and no induced 
deformation. 

The porosity data were captured using an optical microscope (OM) trademark Zeiss Axio Lab. A 
Hitachi 3400 SEM incorporating an e flash electron backscatter diffraction (EBSD) electron microscope 
from Bruker was used to evaluate the microstructure porosity and grain distribution and texture. 

3. Results  
3.1 Tensile test results 
Figure 3 shows the AM sample evolution through the treatment processes. In this figure is clear that the 
AM samples underwent dimensional change in each process stage. Figure 3(a) shows a sample in the 

Instron Machine Forging Dies Furnace Specimens 



 
 

as received AM condition, presenting a relatively rough surface. Figure 3(b) illustrates the geometry 
change introduced by the hot forging process. The machined tensile sample with Digital Image 
Correlation (DIC) speckle coating is shown before and after testing in Figure 3 (c) and (d).  

 

 

Figure 3 Geometry and dimensions of test pieces at different stages of the investigation processes. (a) AM test 
piece; (b) hot forged test piece; (c) machined test piece; (d) fractured after mechanical testing; (e) Test 
Specimen Dimensions. 

All prepared samples were subjected to standard tensile tests. Figure 3(e) indicates the nominal 
specimen dimensions. Figure 4 presents the equivalent true stress-strain curves. The AM samples in 
their ‘as received’ condition have poor tensile performance, and this is especially associated with the 
set manufactured using a higher deposition speed (short exposure pulse) (see Figure 4). The 
performance of as received AM in the tensile test is about 200MPa. Porosity throughout the bulk of 
material can be an explanation of poor performance. It was also noted that the ductility was low, at 
around 2% for the high deposition speed samples. The AM samples in the as received form presented 
little evidence of any work hardening processes. The AM samples with low speed of deposition (long 
exposure pulse) (Figure 4b) show better tensile properties. Their yield stress is around 330 MPa while 
the elongation tends towards 6%. When was analysed the data obtained from samples produced using 
fast and slow printing, the fast samples showed lower strength and ductility than that one produced by 
slow printing. The low-strain response (see Figure 4) of the stress-strain curve in the non-linear yielding 
region may be associated to the formation and propagation of two Lüders bands, which generally 
nucleate at the ends of the gauge length and further propagate until they meet in the centre of the sample 
as shown by Luecke and Slotwinski [25]. 

A massive enhancement on the mechanical properties were obtained by combining the hot forging 
post process. On the fast-printed samples was obtained an increased tensile strength and ductility more 
than 200%. Thus, for the high speed of deposition, the yield stress reaches 360 MPa and an elongation 
of 7%. Moreover, when analysing the slow-printed samples it is noted that the strength increases by 
almost 50% and ductility increases by 20%. The AM samples processed at the lower scan speed 
generated the yield stress of 460MPa and an elongation of around 8%.  

Figure 4 (a) and 4 (b) reveals that the heat treatment process made only a small improvement for the 
fast print speed samples and a considerable improvement to the mechanical properties of the slow-
printed samples. This might be explained by the accelerated thermal diffusion bonding process which 
enabled an increase in the microstructure homogeneity, especially for areas of incompletely fused 
material powder. In addition, as noted in the Figure 4(b), although the tensile strength value of slowly 
printed samples subjected to heat treatment dropped approximately 30%, its ductility rose dramatically 
by about 200%.  

Major differences in the mechanical properties between as received AM and post processed samples 
of AM are attributed to the porosity defects (in quantitative and qualitative manner) and grain 



 
 

morphology. The dislocation density hardening mechanisms in heat treated only samples do not have 
the significant effects as they do in the hot forged samples where the combination of plastic deformation 
and subsequent heat treatment may enable a considerable reduction in the total dislocation density. 

 
Figure 4 True stress strain curves obtained from AM samples, AM + heat treatment and AM + hot forging and 
heat treatment with two different printing speeds. 

3.2 Hardness tests results 
This section highlights the role of metallurgical defects on the mechanical properties (i.e. hardness and 
the stress/strain response). The hardness tests results presented show the variation of hardness with post-
processing and deposition speed. The averaged hardness measurement for different printing speeds 
from each sample is plotted in Figure 5(a). The slow-printed samples show superior hardness when 
compared to the fast-printed ones. The numerical value for fast-printed samples range from ~150 HV10 
for the as received samples to ~240HV10 for those post processed by hot forming and heating. On the 
other side, for slow-printed samples in the as received AM form, the numerical values range from 
230HV10 to 207HV10. The material may become hardened by applying post heat treatment combined 
with the hot forging process. Furthermore, the results indicate that the forged and subsequently heat-
treated samples reach the highest hardness value. It is approximately 50% higher than that of samples 
heat-treated alone. Overall, the standard deviation is narrow, showing a good reproducibility on these 
samples. 

The temperature of forging has a limited effect on the hardness, but overall gives an increase in 
hardness. The hardness of slow-printed samples decreased slightly with heat treatment yet a dramatical 
increase was seen after applying the hot forging process. This trend also can be seen in proof stress 
result in Figure 5(b). Merklein et al. [26] showed that the heat treatment can generate increased yield 
strength due to precipitation hardening. Additional factors contributing to yield strength are dislocation 
annihilation and recovery occurrence as indicated in [27]. The slow-printed samples have better proof 
stress than fast-printed ones. Even so, the fast-printed samples show improved properties after the hot 
forging process and post heat-treatment. Slow-printed samples show similar results to the fast-printed 
ones, Figure 5(b). 

 

 

 



 
 

 

Figure 5 Comparison of mechanical properties of the materials processed at different conditions, namely, direct 
AM, 900°C heat treatment after printing, 900°C forging and 900°C heat treatment after printing, and 1040°C 
forging and 900°C heat treatment. 

Gong et al. [28] indicated that the defects in AM materials associated to insufficient energy input  
may have a direct impact on the tensile curve when the porosity exceed 1%. However, the mechanical 
properties including ultimate tensile strength, elongation values and Young’s modulus may deteriorate 
considerable once the porosity reaches 5% [29]. 

                                     
3.3 UTS and strain at maximum stress 
Figure 6 plots the tensile tests results and shows both maximum stress and strain achieved. The results 
confirm that the forging and heat treatment generate an improvement in the strength for both fast and 
slow printed samples. The higher forging temperature also gave a stronger performance. The tests 
performed on as-received samples indicate a maximum stress around ~200MPa for fast deposition and 
around 450MPa for slow speed of printing. Once the materials were post processed by forging and 
heating, they reached around 460MPa for fast printing and around 500MPa for slow-printed samples, 
respectively (Figure 6a). The strain performance also improved following both forging and heat 
treatments. The maximum strain achieved in as-received samples varies from 2.5% in fast printing to 
4% in slow printing, while for the post-processed samples the maximum strain reaches 9% for fast 
printing and 15% for slow printing respectively (Figure 6b). Here, the heat treated slow-printed sample 
achieve an elongation between that of the forged samples. This may indicate that even these samples 
had some initial void content, and by applying the heat treatment, these were reduced by grain growth 
mechanisms, finally enabling an improvement in tensile performance. Some variation in elongation was 
noted in the slow-printed samples after 1040°C forging and heat treatment. This may be a result of the 
manual handling and thermal management of the samples being more critical at the higher temperature.  



 
 

 
Figure 6 Maximum stress and strain at maximum stress of high speed (blue) and medium speed (yellow) AM 
samples subjected to various treatments, namely direct AM, 900°C heat treatment after printing, 900°C forging 
and 900°C heat treatment after printing, and 1040°C Forging and 900°C treatment. 

3.4 Microstructure characterization 
3.4.1 Porosity-measurements 
Quality of AM samples depends on the amount of porosity as well as microstructure. Optical 
micrographs were used to provide a detailed distribution of porosity generated at each stage during the 
processing. Figure 7(a) shows the optical micrographs. Further, Figure 7(b) presents their corresponding 
porosity area fraction in respect to different processing conditions. The higher printing speed generates 
in areas of higher porosity as compared to slow-printed samples. In the as-received form the material 
printed at higher speed contains ~4% porosity. Once the samples were heat treated, the porosity amount 
reached ~11%. After the forging stage the amount of porosity was reduced to ~1.5%. By evaluation the 
fast-printed samples, we recognised that the heat treatment process can close or reduce small voids, 
whereas the hot forging process is a much more effective tool to decrease the size and population of 
voids. The higher temperature of forging could also result in the improvement of tensile properties. 
However, the slow-printed samples have lower initial porosity, consequently the combined hot forging 
and heat treatment processes may had limited scope for the reduction of voids. On the slow printing 
speed, the amount of porosity varies from ~1.5% on as received samples to 0.5 % on the heated and 
forged samples. 

 

Figure 7 Porosity variations when material is processed through different conditions for 2 different AM speeds.                    
a) qualitative measurement using optical evaluation and b) quantitative percentage of porosity in samples 
analysed. 

As per literature recommendation, the high scanning speeds should be correlated to high laser power 
while using short hatch distances to obtain superior samples. Otherwise, as Meier et al. [30] showed, 
the production of a dense non-porous material is not possible. 



 
 

 

3.4.2 Crystal orientation characterisation 
Crystal orientation characterisation and grain size analysis are useful tools in explaining why properties 
of samples change after heat treatment and hot forging. The electron backscatter diffraction (EBSD) 
technique is designed to provide just such analytical data, and is one of the best ways of determining 
the microstructure and characterisation of samples. The quality of the EBSD microstructural image is 
highly dependent on the sample surface quality. To avoid any issue when preparing stainless steel 
samples in terms of quality, the surface preparation was checked by optical microscope before 
performing EBSD.  

A detailed crystallography orientation characterisation was performed on these samples. This 
enabled the grain size distribution and their evolution to be detected. Figure 8 shown the EBSD images 
after noise reduction. The bar plot, Figure 9(a) gives average grain size. Slowly printed samples are 
bounded by smaller grain size compared to fast-printed ones for the same condition. For both sets, 
however, grains are greatly refined after the hot forging and heat treatment process. It is observed that 
the average grain size has comparable values in both cases, as seen in Figure 9(a). The forming method 
for the AM samples may result in high dislocation densities, potentially driven by the severe thermal 
stress generated by the localised heat input of the scanning laser. Accordingly to Sun et al. [31] these 
dislocations may be reduced during the heat treatment processes. The hot forging could, however, result 
in increased dislocations resulted from the deformation input. In heat treatment, the occurance of 
recrystallization, Figure 9(b), is explained through the formation of refined grains. A higher temperature 
appears to increase this recrystallization process and form finer grain sizes. The EBSD results help to 
explain the evolution mechanisms during the hot forging and heat treatment which help to enhance the 
mechanical properties of the AM samples. The refined grain size occurred during SLM metals may help 
to increase the strength of materials when compared to wrought equivalents. However, we consider that 
a far more important contribution is that generated by the high dislocation densities present in the as-
built structures after SLM. These will spread homogeneously as heat treatment and forging are applied, 
as according to Gorsse et al. [32]. The initial texture observed in AM material parts can be associated 
to thermal gradients. This can be more accentuated around the melt pool during solidification, 
observations which agree with [33]. The changes in texture generated by the additional heat treatment 
and forging process mechanisms may further enable modification of the microstructure composition. 



 
 

 

Figure 8 Comparison of crystal orientation characterization and grain size variations of the material processed 
at different conditions for the two AM speeds using a qualitative measurement with the EBSD technique. 

 

Recrystallization is an important index parameter to account for the grain growth process. In this 
analysis, the microstructure recrystallized fraction was quantified by considering the average 
recrystallized grain size (RGS). However, Victoria-Hernandez et al. [34] found difficulty in separating 
the effect of recrystallized basal grain growth, which helps to reduce the stored strain of neighbouring 
grains, from the one produced by the effect of grain growth enabling a decrease in grain boundary area. 
The later one can helps to reduce the internal stored energy. The recrystallization fraction determined 
from the smoothed EBSD maps is shown in Figure 9(b). Both fast and slow printed samples in the same 
condition have similar percentages of recrystallization. The hot forging process provides an 
improvement in recrystallization quantity. The heat treatment process alone, however, had only a 
limited effect on the recrystallization process. The temperature of the hot forging process is also shown 
to affect recrystallization, this being increased at the higher forging temperature. The refinement process 
of grain size may be responsible for the mechanical response (and anisotropy). Herzog et al. [35] and 
Lewandowski and Seifi [36] revealed that a reduction in grain size from 30-50 μm to about 10 μm will 
cause an increase in Hall–Petch strengthening for this material. The formation of columnar together 
with epitaxial growth and some elongated grains was also observed. The tendency of elongated grains 
formation may extend over multiple AM build layers and the grain structure generally may be strongly 
dependent on local boundary conditions such as component geometry and scan pattern. Accordingly to 
Gunther et al. [37] these factors may introduce local variations in the cooling rate which can affect the 
solidification process. 

 

 



 
 

 

 

 

Figure 9 Quantitative distribution of grain in the samples analysed and b) Grain recrystallization percentage of 
fast speed (blue) and slow speed (yellow) AM samples subjected to five various treatments, namely direct AM, 
900°C heat treatment after printing, 900°C forming and heat treatment, 1040°C forming and 900°C heat 
treatment, and 1040°C forming and treatment. 

When the printed samples reach 100% consolidation through increased energy input, softening effects 
may result from grain growth reducing the grain boundary volume fraction, therefore the hardening 
effects of dislocation pinning may be reduced. 

4. Discussion 
Significant amounts of porosity may be realised during the AM building process for a variety of reasons. 
Accordingly to Reijonen et al. [38] the most influential operating factors are the parameters of the AM 
machine itself, (power, speed, accuracy), the build parameters (scan pattern, component size, build step, 
and the qualities of the feed material used (purity, particle size, consistency). These porosity defects are 
presented as a mix of larger and smaller defects. Commonly larger irregular pores may be associated to 
lack of melting or/and shrinkage micropores which are dictated by the lack of material feed within inter-
dendritic zones, and spherical pores are due to the presence of trapped gasses in the feedstock material, 
as per Henaff et al. [39]. 



 
 

The larger defects are more dependent on the build parameters, resulting in areas of incomplete 
fusion or regions where the material flow has created voids. Higher laser scan speeds can generate a 
longer melt pool, therefore is induced a much-extended melt surface area. Further, when the 
vaporisation and the temperature gradient surrounding the melt pool is more accentuated, an increase 
on the Marangoni force occur and the melt flow instability are produced as per Qiu et al. [40]. Further, 
Iebba et al. [41] showed that an inadequate heat transfer applied on the powder bed may also cause 
unstable melt flow which can be responsible for increased porosity and surface roughness.  

Smaller porosity defects may result from entrapment of the inert shielding gas. A major source of 
gas pores can be attributed to powder feedstock, where argon may be been trapped in the powder 
particles during the plasma atomisation manufacturing process. However, Reijonen et al. [38] attributed 
the source to be from the shielding gas used in the AM build process. 

The presence of irregular pores geometry accumulated during AM builds are very dangerous because 
it produces an accumulation of high stress concentrations and can thus generate lower failure strain and 
strength values, see for example Figure 6. The literature confirms that porosity defects lead to a decrease 
in mechanical properties [42]. By introducing the hot forging and heat treatment strategy described here, 
the failure strain values increased by a factor of three, and stress resistance doubled in the post-processed 
samples compared to the as-built samples. 

Other considerations which help to understand the benefits of the post-processing strategy are shown 
by differences in the amount of porosity which occur at different deposition speeds. It was demonstrated 
that a higher deposition speed would generate a larger degree of porosity when compared with the lower 
speed of deposition (Figure 7(a)). The combined heat treatment and forging deformation facilitates the 
reduction in porosity to near 1%, Figure 7(b).    

Once the amount of porosity was reduced, it was possible to obtain a constant level of hardness for 
both speeds of deposition (88 and 110μs) as shown in Figure 5(a). This indicated that the post process 
was successful in eliminating the effects of the different initial porosity levels. 

Zhang et al. [43] indicated that an appropriate treatment, i.e. heat treatment, enables enhanced AM 
sample tensile strength by generating precipitation hardening which is the key to high strength and 
hardness. The quenching rates generated by the conduction of heat over the substrate during build are 
sufficiently fast to create a quick solidification microstructure. Gu et al. [44] noted that grain refinement 
may occur and generate stronger performance in AM processed materials. From our study, it was 
observed that heat treatment could make the microstructure homogeneous in the AM samples, resulting 
in major improvement of the mechanical properties. To eliminate the in-homogeneity of the 
microstructure (in as-printed samples) and reduce the porosity, samples were subjected to different heat 
treatment and forming strategies. During this combined process the particle grains connect with each 
other and are distributed evenly in the matrix. The average grain sizes reduce from around 140-180µm 
in as-built state to around 25µm when post processed (see Figure 8 for details).  

The high amount of recrystallization that occurred in our process could be due to competition 
between the plastic strains imposed during forging and the change in the thermal gradient as a result of 
the in-die cooling after forging. The results show that the greatest grain recrystallization was generated 
at the higher forging and heat treatment temperatures and resulted in finer grains.  

5. Conclusions 
In this paper, a new method combining AM with the hot forging and heat treatment process is presented 
as a way of enhancing the mechanical properties of AM material. In this study the proposed method is 
investigated through tensile and hardness tests, as well as optical observation and EBSD microstructure 
characterization of AM 316L Stainless Steel samples produced under different build conditions. The 
following conclusions can be indicated: 



 
 

1. The AM samples printed with a longer laser exposure time exhibited higher mechanical 
performance compared to short exposure samples and contained less porosity. 

2. Hot Forging the AM samples dramatically reduced porosity in the material. 
3. The hot forging process provided a dramatic improvement in the mechanical properties of AM 

samples. In addition, the EBSD maps obtained during this process indicated a refinement of 
grain size and an increase in the recrystallization process. 

4. Combining hot forging with the heat treatment process offers a greater improvement in 
mechanical properties when compared with the heat treatment process alone.  
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