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Abstract 

The selective laser melting (SLM) method has a great potential for fabricating injection mold with complex structure. 

However, the microstructure and performance of the SLM molds show significantly different from those manufac-

tured by traditional technologies. In this study, the microstructure, hardness and especially corrosion behavior of the 

samples fabricated by SLM and casting were investigated. The XRD results exhibit that the γ-Fe phase is only obtained 

in the SLM parts, and the α-Fe peak slightly moves to low diffraction angle compared with casting counterparts. Due 

to the rapid cooling rate, the SLM samples have fine cellular microstructures while the casting ones have coarse grains 

with obvious elements segregation. Besides, the SLM samples show anisotropy, hardness of side view and top view 

are 48.73 and 50.31 HRC respectively, which are 20% higher than that of casting ones. Corrosion results show that the 

SLM samples have the better anti-corrosion resistance (in a 6%  FeCl3 solution for 48 h) but the deeper corrosion pits 

than casting ones. Finally, the performance of the SLM molds could meet the requirement of injecting production. 

Moreover, the molds especially present a significant decrease (20%) of cooling time and increases of cooling uniform-

ity due to the customized conformal cooling channels.
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1 Introduction
Injection molds were widely used for mass production of 

thermoplastic parts with a high production efficiency [1]. 

�e quality of injection production is related to the mold 

steel materials [2] and the structure [3, 4]. Particularly, 

cooling channels in molds greatly affect the productiv-

ity, product deformation and die life [5, 6]. Conventional 

straight-line channels easily cause a heterogeneous heat 

dissipation and cooling due to the inconsistency between 

channels and mold cavities. Moreover, the heterogene-

ous cooling will increase the cooling time [7], even result 

in some defects such as part warping and sink marks [2, 

8]. By contrast, the emerging conformal cooling channels 

that conform to mold cavities can bring into a steady and 

homogeneous heat transfer from the cavity surfaces to 

the coolant, which improves directly the product qual-

ity [9]. However, it is difficult to fabricate molds with 

conformal cooling channels by traditional manufacturing 

techniques, such as machining, and electrical discharge 

machining (EDM).

Selective laser melting (SLM), one of the additive man-

ufacturing (AM) technologies, is able to fabricate com-

plex metal parts with a high density layer by layer from 

3D CAD data [10, 11]. Recently, SLM has become one of 

the most promising AM routes for fabricating metal tools 

and molds due to its ability to create intricate structure, 

consequently attracted the attention of both industry 

and academia [12]. Previous researches have successfully 

used SLM to manufacture conformal cooling channels 

for injection molds [13], forging dies [14] and die-cast-

ing molds [5]. Meantime, many studies investigated the 

microstructure and mechanical properties of mold steel 

fabricated by SLM [15–22]. Zhao et al. [15, 16] developed 

a high-dense AISI 420 steel by SLM for injection molds. 

�e hardness and the tensile strength reached 50.7 HRC 

and 1045 MPa respectively, showing a good potential for 

practical application. Mertens et  al. [18] fabricated an 

H13 mold steel by SLM using different powder-bed pre-

heating temperatures to improve hardness and tensile 
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properties. �e more homogeneous microstructure and 

better mechanical properties were obtained at the pre-

heating temperature of 400  °C comparable to those of 

wrought H13 counterparts. A TiC-reinforced H13 steel 

with enhanced wear resistance was in situ synthesized by 

SLM [20], which make it very attractive candidate mate-

rials for future tooling applications. Except the hardness, 

mechanical properties and wear resistance that men-

tioned above, the corrosion resistance is also one of the 

most important performances that affect the quality of 

die and mold. Because the injection molds are generally 

exposed to the acidic environment due to the decomposi-

tion of thermoplastics [23]. Nevertheless, to the best of 

authors’ knowledge, the studies on the corrosion behav-

ior of the SLM samples for molds are limited.

S136 mold steel modified from AISI 420, shows favora-

ble mechanical properties and outstanding corrosion 

resistances [24]. It currently becomes one of the most 

widely used materials for injection molds. However, few 

studies focus on the SLM S136 steel. �erefore, this study 

are to characterize the microstructure and hardness of 

S136 steel fabricated by SLM; to evaluate the corrosion 

resistance of as-SLM S136 steel through chemical corro-

sion; and to compare the differences in microstructure, 

hardness and corrosion resistance of as-SLM and casting 

S136 alloys.

2  Materials and Methods
2.1  Feedstock Materials

�e raw casting S136 bars with a diameter of 30 mm were 

supplied by ASSAB, Sweden. �e casting specimens were 

directly cut from the raw casting bars by machining. �e 

S136 powder for SLM was produced by gas atomiza-

tion method (Changsha Hualiu Metallurgy Powder Co, 

Ltd., China) from the raw casting bars. �e particle mor-

phology (SEM, JSM-7600F Japan) and the powder size 

distribution (Mastersizer 3000, Worcestershire United 

Kingdom) are shown in Figure 1. �e powders appear in 

a nearly spherical shape and have an average particle size 

of 25.2 μm. �e chemical composition of the S136 pow-

der (confirmed by the inductively coupled plasma optical 

emission spectrometry, ELAN DRC-e, PerkinElmer, USA 

and oxygen/nitrogen/hydrogen, ONH836, LeCroy, USA) 

is given in Table 1.

2.2  SLM Machine and Process

�e HRPM-II SLM machine developed by Rapid Manu-

facturing Center, Huazhong University of Science and 

Technology (HUST) was used for SLM experiments. 

It was equipped with a continuous wave fiber laser 

(the maximum output of 400  W, the wavelength of 

1.064 μm, the spot size of 0.08 mm). Some cubic speci-

mens in dimensions of 10  mm (in length) × 10  mm (in 

width) × 10 mm (in height) were fabricated by SLM with 

a set of optimized parameters: laser power, 280 W; scan-

ning speed, 1000  mm/s; scanning space, 0.07  mm; and 

layer thickness, 0.03  mm. �e whole process of SLM 

was performed in a high purity nitrogen atmosphere 

(99.9%) to avoid oxidation. �e long bidirectional scan-

ning strategy was used for sample fabrication as shown in 

Figure 2(a). Melt tracks and melt track boundaries in top 

view were depicted in Figure 2(b).

2.3  Characterization

XRD measurements were conducted on a XRD-7000S 

machine (Shimadzu, Japan) with a Cu tube at 40 kV and 

30 mA. �e diffraction angle of 2θ varied from 30° to 100° 

with a continuous scan mode at 10°/min. �e polishing 

surfaces of the samples were characterized by a digi-

tal optical microscope (OM, VHX-1000C, KEYENCE, 

Japan). �e micro morphologies were observed using 

a JSM-7600F Field Emission Scanning Electron Micro-

scope (JEOL, Japan). �e prepared samples were hot 

mounted. �en the surfaces of samples were grounded 

and polished by an automatic polishing machine 

Figure 1 a SEM image showing the morphology of the S136 

powder; b particle size distribution
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(Automet300, Buehler, America). A reagent consisting of 

5 g  FeCl3, 15 mL HCl, and 60 mL  H2O was used as cor-

rosive liquid. �e Rockwell hardness was measured using 

a hardness tester (600MRD, Wolpert, America). For each 

sample, ten points at random positions were measured to 

obtain the average value of hardness.

2.4  Corrosion Tests

All surfaces of the samples were grounded using SiC 

papers from 400 to 2000 grits, and cleaned with ethanol 

liquid. A Mettler Toledo AL204 analytical balance (Swit-

zerland) with the smallest increment of 0.01 mg was used 

for all weight measurements. �en, the samples were 

immersed in a 6%  FeCl3 solution [25] at 50 ± 2 °C for 48 h, 

get out every 2 h in first 12 h and then every 12 h. Subse-

quently, they were rinsed with distilled water, dipped in 

acetone, dried in hot air, weighed, and re-immersed [26]. 

�e surfaces of samples after corrosion were character-

ized with optical microscopy (OM) equipped a digital 

microscopy (VHX-1000, Keyence, Japan).

3  Results and Discussion
3.1  Phase Analysis

�e XRD patterns of S136 samples manufactured by 

SLM, the casting sample and the gas-atomized powder 

are illustrated in Figure  3. �e diffraction peaks of the 

BCC structural α-Fe can be observed in all samples. Dif-

ferent from the casting S136, the powder and as-SLM 

S136 also includes austenite γ-Fe phase, which is similar 

with the results from previous observations during SLM 

of AISI 420 [16, 27]. Based on the XRD patterns, the vol-

ume fractions of the alloy phases were estimated by the 

reference intensity ratio method (RIR) [28] and listed in 

Table 1 Chemical composition (wt%) of S136 powder

Si Mn Cr V C O P S Fe

0.96 0.98 13.55 0.4 0.29 0.078 0.01 – Bal.

Figure 2 a Illustration of the laser scanning strategies; b melt track and melt track boundaries

Figure 3 XRD patterns of a S136 powder, casting and SLM part; b 

enlargement of the α-Fe diffraction peak
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Table 2. It is well known that S136 alloys may have several 

crystalline structures according to the Fe–C equilibrium 

phase diagram. �e α-Fe phase is transformed into γ-Fe 

when casting parts is melted. �en the γ→α transfor-

mation occurs when temperatures drop to the ambient 

temperature during gas atomization [15]. In addition, the 

volume fractions of α-Fe phase in powder is lower than 

that in SLM part. It can be attributed to the faster cooling 

rate in SLM process compared with gas atomization. 

Besides, it can be seen that the bases of the peaks in 

SLM part are comparatively wider than that in casting. 

�is suggests that the crystal lattice structures of SLM 

part are experiencing certain level of internal stresses 

that are thermally induced during the rapid solidification 

SLM process [29, 30]. Moreover, it can be found that the 

α-Fe diffraction peak of as-SLM S136 slightly moved left 

compared with that of casting, as depicted in Figure 3(b). 

It might be associated with the generation of residual 

stresses [31], the existence of retained austenite as well as 

the martensitic transformation that often occurred in the 

process of SLM [32, 33].

3.2  Microstructures

Figure  4 shows OM images of the cross sections of as-

SLM and casting samples. Compared with casting S136, 

the pore number of as-SLM samples seems to be more. 

�e pore size varied from a few microns to one hundred 

microns, and it may be the result of the incomplete fusion 

between successive molten layers.

Figure  5 shows SEM images of the microstructure of 

as-SLM and casting S136 samples. �e refining effect of 

the SLM process is clearly reflected in the microstruc-

ture. �e cooling rate during the SLM process is calcu-

lated to reach up to  105 K/s [34], while the cooling rate in 

the casting process is about 10‒70 K/s [35]. �e increased 

cooling rate leads to an insufficient growth of the grain. 

�us, the SLM-processed samples display significantly 

fine grain microstructure with the approximate size of 

1 μm (Figure 5(a) and 5(b)). �e microstructure of melt-

ing track in top view of SLM-processed sample reveals 

two distinct regions: equiaxed fine grains and cellular 

dendrite grains. �e formation of two regions is due to 

the different thermal behavior inside and on the edge of 

the melt track, suggesting that the final microstructure 

is a thermally modified solidified structure (Figure 5(a)). 

In the side view (Figure  5(b)), the processing nature of 

SLM can be identified through the elongated columnar 

grains that grow along the building direction. �e simi-

lar microstructure was found in the fabrication of H13 

by SLM [20]. While in the casting sample, the coarse car-

bide network is already clearly visible at the same magni-

fication (Figure  5(c)). In Figure  5(d) EDX point analysis 

of casting state shows that C and Cr are present in the 

carbide network. However, the SLM-processed sample 

reveals a homogeneous distribution of alloying elements 

and carbides could not be found. �is may be associated 

with the rapid solidification during SLM that prevents 

the precipitation of carbides [10], and the fully re-melt-

ing of the material within the small molten pools that the 

temperature of the melting pool is high enough to dis-

solve chromium carbides phases [20].

3.3  Hardness

Figure  6 illustrates the hardness values of S136 steel 

fabricated by SLM, as well as those of casting coun-

terparts. �e hardness values (48.73‒50.31 HRC) of 

Table 2 Volume fraction of the detected phase

Samples α-Fe phase (%) γ-Fe phase (%)

Casting 100 0

Powder 63 37

SLM 78 22

Figure 4 The OM images of polished cross section of a SLM-processed sample; b casting sample



Page 5 of 11Wen et al. Chin. J. Mech. Eng.          (2018) 31:108 

as-SLM samples are about 20% higher than those of 

casting ones (41.23 HRC), and comparable to those of 

S136 alloys processed by austenitizing heat treatment 

(52 HRC) [36]. �is difference might be attributed to 

the combined effect of high hard γ phase and the finer 

grains in as-SLM samples. �ijs [37] found that the 

crystallographic texture in as-SLM tantalum alloys was 

the dominant cause for the difference in hardness val-

ues along different directions. In addition, Sander [38] 

pointed out that the finer grains in as-SLM alloys had 

an effect on hardness enhancement. According to Hall–

Petch relationship [39]

where σ0 is the hardness of a metal, σi is the applied 

stress, k is the strengthening coefficient (a constant spe-

cific to each material), and d is the average grain diam-

eter. Reducing the grain size will cause the material to 

become stronger. On the other hand, the finer the initial 

grains, the more significant the pile-up effect of disloca-

tions at grain boundaries and the larger the resistance of 

the dislocations to slip transfer. Consequently, when sub-

jected to external forces, the zones of melt pool with fin-

est grains are harder to deform compared with the other 

zones [40]. Furthermore, the hardness values on top view 

(50.31 HRC) of as-SLM samples are slightly higher than 

those on side view (48.73 HRC), showing an anisotropic 

feature similar to some previous reports [41–43]. �is 

can be explained by the different thermal history at the 

two surfaces [44], resulting in microstructure changes. 

�e loading applied at the top view corresponds to more 

grain boundaries than that at the side view [45]. �e grain 

boundaries could resist to the deformation more effec-

tively and thus the measured hardness from the top view 

has a higher value. To compare with some other steel 

alloys processed by SLM, we can found that the hardness 

values of as-SLM S136 is remarkably 25% and 9% higher 

(1)σ0 = σi +
k

d1/2
,

Figure 5 Microstructure of the SLM-produced and casting S136 parts: a the top view of SLM sample showing two distinct regions; b the side view 

of SLM sample revealing equiaxed fine grains; c casting state; d EDX point analysis
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than 18Ni300 mold steel [46] and AISI 420 mold steel 

[15], respectively.

3.4  Corrosion Behaviors

�e weight-loss curves of samples immersed in the  FeCl3 

solution are shown in Figure  7. After 48  h, the average 

mass loss of the as-SLM samples is 3.47 ± 0.2  mg/cm2, 

lower than that of the casting samples (4.16 ± 0.03  mg/

cm2). Hill [47] pointed out that the corrosion resistance 

of austenite was higher than that of ferrite/martensite, 

because the austenite possessed lower internal stresses 

and less defects. As a result, the residual austenite γ-Fe 

phase in as-SLM S136 steel could be beneficial to pro-

mote the corrosion resistance. On the other hand, Leon 

[48] also emphasized that more homogenous micro-

structure was a favorable factor for the enhancement of 

corrosion resistance. During SLM process, a very high 

solidification rate could result in much more homog-

enous microstructure, together with an improved dis-

solution of alloying elements but nearly without any 

precipitates. However, compared with the SLM-pro-

cessed S136, an obvious elements segregation in casting 

samples, which led to the decline of chromium content 

in metal matrix, and thus reduce the corrosion resist-

ance of alloys [49–51]. Besides, the mass loss curve of 

SLM samples have a poor reproducibility, which is also 

different with the casting curves. �is difference may be 

resulted from the nature of SLM manufacturing method, 

which produces a part layer by layer and the defects are 

distributed randomly. �erefore, the properties of SLM 

samples are diverse even though they are fabricated in 

same parameters.

Figure  8 illustrates OM and digital microscopic 

images of samples’ surfaces after chemical immersion. 

Many corrosion pits in different sizes and shapes could 

be observed on the corrosion surfaces. �e top and 

side surfaces of as-SLM samples have different corro-

sion morphologies. On the top view (Figure 8(a)), some 

near-round pits are mainly distributed around melt track 

where the phenomenon such as stress, grain coarsening, 

and element segregation is easier to produce [52, 53]. 

Consequently, those zones eroded severely and relatively 

larger corrosion pits generated. �e size of pits ranges 

from dozens of micron to about 200  μm. Figure  8(b) 

shows that the maximum corrosion depth is about 

155  μm. On the side view (Figure  8(c)), some continu-

ous grooves distribute side by side on the surfaces. In the 

process of SLM, an obvious boundary will be generated 

between layers, also known as “layer–layer” molten pool 

boundaries. �ose grooves might be resulted from the 

corrosion of the boundaries between layers where have 

weak metallurgical bonding. �e width of the groove is 

about 200‒300 μm, and the maximum depth is 531.3 μm 

(Figure 8(d)). In comparison, the side surfaces seem to be 

more serious corrosion degree. It also should be related 

to the differences in the morphologies and characteristics 

of melt track boundaries on top and side views described 

above.

Different from those on as-SLM samples, many fine 

corrosion pits are evenly distributed on the surfaces of 

casting samples (Figure  8(e)). �e size of the corrosion 

pits is just a few microns, and the maximum corrosion 

depth is only 75.51 μm (Figure 8(f )). However, the num-

ber and the density of corrosion pits are much higher 

than those of as-SLM samples, resulting in a greater 

degree of corrosion. �is kind of difference could be 

explained by the differences in microstructures of SLM 

and casting. �e corrosion in as-SLM samples mainly ini-

tiates at melt track boundaries, having a feature of local-

ity and anisotropic because of the special metallurgical 

process of SLM. Differently, the corrosion in casting sam-

ples mainly starts along the grain boundaries. �erefore, 

the corrosion pits in casting samples distribute more uni-

formly because of those uniform equiaxed grains.

�e results obtained by the immersion tests indicate 

that the corrosion resistance of the as-SLM samples is 

better than casting ones. �is is manifested by the fact 

that the mass loss is slightly lower for the casting samples. 

It can be mainly attributed to the differences between the 

microstructure characteristics as mentioned above. �e 

increased solidification rate obtained by the SLM process 

has resulted in gaining a much more homogenous micro-

structure with improved dissolution of alloying elements 

and impurities with nearly no precipitates. Altogether, 

this microstructure has a beneficial effect on the corro-

sion resistance [52]. Although the mass loss of as-SLM 

samples is lower, the corrosion pits are deeper. �is may 
Figure 7 Mass loss curves of the S136 samples fabricated by SLM 

and casting in 6%  FeCl3·6H2O for 48 h
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be related to the un-melted powders or impurity formed 

by spatter in the sample, as shown in cross-section of 

corroded part (Figure  9). �e area where contains un-

melted powder is vulnerable in corrosion attack, and as 

the matrix dissolved to the acid solution, powder fall off 

to the liquid, which accelerates the corrosion and deepen 

the pits somewhat.

3.5  Case Study

A kind of transparent box cover was made of recycling 

PET (R-PET). �e covers were produced by a con-

ventional mold (Figure  10(a)). During the production, 

temperature difference between mold inserts gate (20 °C) 

and the molten plastic (270  °C) is huge. Moreover, the 

design of the mold insert cannot extract heat quickly. 

As a result, defect formed at the insert gate, as shown in 

Figure 11(a).

�e SLM can fabricate complex cooling channels, 

which addresses the limitations of traditional method. 

A complex channels network is designed to improve 

the cooling efficiency, as depicted in Figure  10(b). �en 

a mold insert with conformal-cooling channel was fabri-

cated by SLM, as shown in Figure  10(c) and 10(d). �e 

Figure 11(b) shows the cover formed by SLM-processed 

Figure 8 Surface photographic and digital microscopic images of specimens immersed in 6%  FeCl3·6H2O for 48 h: a, b top view of as-SLM samples; 

c, d side view of as-SLM samples; e, f casting samples
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Figure 9 a Corrosion morphology of the cross-section of as-SLM sample; b EDS point analysis indicates the existing un-melted powder

Figure 10 Injection mold insert: a, b CAD model; c, d insert part fabricated by SLM

Figure 11 Transparent box covers produced by two kinds of mold: a traditional mold; b SLM mold
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mold. �e area of the white burn mark becomes smaller. 

�e production efficiency of the two kinds of mold 

inserts is illustrated in Table  3. SLM-processed confor-

mal cooling inserts reduced cooling and cycle times by 

20%‒36% over conventional machined inserts, leading 

to a higher productivity. �is work identifies that the 

SLM method shows great potential in fabricating injec-

tion mold with conformal cooling channel and complex 

geometries in the future.

4  Conclusions
�is study mainly investigates the corrosion behavior 

of S136 mold steel fabricated by SLM and casting, and 

the microstructure and hardness are also discussed. �e 

major findings are concluded as follows.

(1) �e α-Fe phases are obtained both in SLM-pro-

cessed and casting samples while γ-Fe phase only 

exists in the SLM-processed S136. Compared to the 

casting S136, the SLM-processed specimen exhibits 

very fine grains about 1 μm.

(2) �e top view of SLM-processed parts shows the 

highest hardness of 50.31 HRC, while the side view 

is 48.73 HRC. �e hardness of casting samples is 

41.23 HRC, which is obviously less than the SLM-

processed parts.

(3) In the 6%  FeCl3 solution immersion test, casting 

samples have a greater mass loss (4.16 ± 0.03  mg/

cm2) than the SLM-processed parts (3.47 ± 0.2 mg/

cm2), but the surfaces of SLM-processed specimens 

have a much worse destroy than the castings.

(4) A case of SLM-processed S136 mold with confor-

mal cooling channel is used, which can reduce cycle 

times and increases cooling uniformity during the 

injection process.
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