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ABSTRACT

A new solid freeform process, 3D gel printing (3DGP), was proposed for

designing and manufacturing graded composites. As an example, TiC-high

manganese steel cermet with a gradient distribution of TiC was successfully

designed and fabricated by 3DGP. The rheological behavior and polymerization

of slurries with different TiC content have been researched. The complex-

shaped green bodies were printed accurately by depositing slurries layer by

layer. The scanning electron microscopy and X-ray diffraction revealed the

gradient distribution and morphology of the TiC particles within a sintered

sample. The density, hardness, abrasion wear resistance, transverse rupture

strength and impact toughness of the 3D gel-printed TiC-high manganese steel

cermet appeared graded distribution corresponding to its gradient structure.

Gradient distribution of the composition, microstructure and mechanical

properties of the 3D gel-printed part are consistent with the design concept.

Results indicated that 3DGP is a promising approach for high-throughput

design and fabrication of complex-shaped graded composites.

Introduction

Graded composites are a special class of composite

materials, of which the composition and structure are

designed to change gradually along certain pre-de-

termined directions, resulting in a corresponding

variation in the properties [1]. Many investigations

have been conducted on the preparation and appli-

cation of graded composites [2–4], indicating that the

optimized design [5] enables composites to obtain

optimal properties to meet varied performance

requirements within a component. Currently, the

greatest challenge is the gap between the traditional

preparation processes and optimized design of gra-

ded composites.

In recent years, a series of technologies collectively

called solid freeform fabrication (SFF), also known as

additive manufacturing (AM), have attracted inten-

sive interest because of their flexible manufacturing

ability to translate the design concepts into 3D objects

directly. Since all SFF technologies are based on the

fundamental principle of layered manufacturing,
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there is substantial interest in applying SFF tech-

nologies to manufacture graded materials [6].

According to energy source for forming process,

these SFF technologies can be divided into two clas-

ses: beam-based and non-beam-based technologies.

Most of the existing investigations focus on beam-

based technologies [7–9], which are based on using a

laser or electron beam to selectively melt powder

layer and bind it together to create a solid structure.

However, there are some difficulties, such as residual

thermal stresses, deformation, cracks and balling

phenomena, which stem from the nature of beam-

based technologies: rapid fusion and solidification at

high temperature. Furthermore, beam-based pro-

cesses are costly due to the laser/electron beam

generator as well as protective device. In this situa-

tion, some researchers have turned to non-beam-

based technologies, like fused deposition modeling

(FDM) and three-dimensional printing (3DP). FDM is

limited to polymer matrix composites [10]. 3DP is

unable to manufacture fully dense components and is

usually followed by pressure-less infiltration [11, 12],

making the whole process complicated.

In order to put forward a high-throughput method

for the design and production of graded metal matrix

composites, a non-beam-based process, 3D gel

printing (3DGP), is proposed in this paper. 3D gel

printing is a stereo deposition technique based on

deposition and in situ polymerization of slurry and

shape formation by computer-controled slurry

extrusion. Our previous studies on additive manu-

facturing of 316L stainless steel [13], ZrO2 [14] and

cemented carbide [15] have demonstrated general

advantages of 3DGP, such as the flexibility in raw

materials, simple structure of devices, forming ability

of complex shapes, fine and uniform microstructure

of the products.

The objective of this work is to explore the feasi-

bility of using 3DGP in design and manufacturing of

graded metal matrix composites. A steel-bonded

carbide, TiC-high manganese steel cermet, was cho-

sen as the raw material. The TiC-high manganese

steel parts are mainly used for excavating, exploiting,

drilling in the field of mining, oil and geology. High

hardness and wear resistance of the stress-bearing

surfaces and high toughness of the core region are

required in parts subject to vibrations and impacts.

The TiC-high manganese steel cermet is difficult to be

machined because of its high hardness and work-

hardening ability. Therefore, 3DGP was employed to

obtain complex-shaped TiC-high manganese steel

parts with a composition gradient.

Experimental procedure

3DGP process

As schematically depicted in Fig. 1a, the 3DGP pro-

cedure is composed of four steps: slurry preparation,

design of 3D model and data processing, 3D gel

printing, drying and sintering. A multi-syringe

printer with layer-by-layer deposition function was

used in this study. Figure 1b displays the deposition

of slurry. The radical polymerization of organic

monomer (HEMA in this study) took place and the

deposited slurry solidified rapidly. Figure 1c is a

schematic diagram for the printing process of the

multi-syringe system. Under computer control, dif-

ferent slurries are extruded by different syringes and

selectively deposited corresponding to 3D computer-

aided design (CAD) database. By depositing slurries

layer by layer, 3D parts are made.

Slurry preparation

The matrix material powders with a nominal com-

position of 14Mn-3Ni-2Mo-1.5C-79.5Fe (all in wt%)

was mixed with various amounts of TiC powders (20,

30 and 40 wt%) by ball milling for 20 h, respectively.

Carbonyl iron powder (99.5% purity, 3–5 lm), fer-

roalloys with Mn, Ni and Mo (99% purity, \ 300

mesh) and graphite (99.5% purity,\ 500 mesh) were

used for making the high manganese steel matrix.

The average particle size of TiC powder ([ 99.5%

purity) was 4 lm.

A non-aqueous gel system was chosen for pre-

venting powder from oxidation: Hydroxyethyl

methacrylate (HEMA), toluene and N, N’-methylene-

bis-acrylamide (MBAM) were used as the organic

monomer, solvent and crosslinker, respectively.

HEMA and MBAM were dissolved in toluene to

prepare a premixed solution. The prepared TiC-high

manganese steel composite powders with different

contents of TiC, 20 wt%, 30 wt% and 40 wt%, were

added in the premixed solution. Three well-dis-

persed slurries with a solid loading of 60 vol% were

prepared by planetary ball milling for 1 h.
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Design of 3D model and data processing

A cutting pick (Fig. 5a) with a gradient distribution of

TiC was designed in the 3D modeling software and

then sliced into layers (layer height was 0.33 mm).

The model data was further processed by 3D printing

software to specify different syringes for depositing

slurries at different locations within the cutting pick.

3D gel printing

After preliminary testing, the suitable printing

parameters (0.4-mm needle of the syringes, 0.33 mm

layer height, 23 mm/s extrusion speed of slurry,

20 mm/s printing speed) were adopted for this

forming process. By depositing different slurries

layer by layer, the cutting pick with a gradient dis-

tribution of TiC was printed. Meanwhile, several bulk

samples were printed for microstructure and

mechanical examinations.

Drying and sintering

After freeforming, samples were dried in a vacuum

oven at 60 �C for 8 h. The dried green samples were

debonded at 500 �C for 1 h with a heating rate of

3 �C/min in a vacuum carbon tube furnace (vacuum

degree \ 10 Pa). Then, the sintering process was

carried out, as shown in Fig. 2, which consisted of

four stages: 800 �C for 1 h, 1100 �C for 1 h, 1200 �C
for 1 h and 1350 �C for 1 h. Subsequently, the sin-

tered samples were performed furnace cooling to

room temperature. Lastly, the sintered samples were

solution treated at 1080 �C for 1 h and then water

quenched.

Characterization

The rheological properties of the TiC-high man-

ganese steel slurries were measured using a NDJ-79

rotary viscosity meter. The surface appearance and

cross-sectional morphology of the 3DGP-built green

bodies were observed by a confocal laser scanning

Figure 1 Schematic diagram of 3D gel printing: a steps in the 3DGP process for fabricating graded composites, b extrusion and

deposition of slurry, c the principle of multi-syringe system for selectively depositing slurries.
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microscope (CLSM, OLYPUS LEXT OLS4100). Ther-

mal gravimetric analysis was applied to study the

thermo-decomposition behaviors of toluene–HEMA

gel at a heating rate of 10 �C/min under flowing

high-purity argon atmosphere. The microstructures

were investigated by scanning electron microscopy

(SEM, LEO-1450). Phase composition was deter-

mined by X-ray diffraction on a TTR III diffrac-

tometer with Cu Ka radiation (k = 0.1542 nm). The

density of the sintered samples was determined by

the Archimedes immersion method in water. Hard-

ness test was carried out by a Rockwell hardness

tester (HR-150A). The wear resistance was measured

according to the standard procedure ASTM B611-13.

The measurements were carried out using a wear

tester (MLS-225) with 30 mesh aluminum oxide par-

ticles as the abrasive medium and a load of 200 N.

The bars of 5 mm 9 5 mm 9 35 mm were cut from

different regions of the quenched samples as speci-

mens of transverse rupture strength tests which were

performed on an Instron CMT 4305 electronic uni-

versal testing machine at a loading rate of 0.5 mm/

min. The impact absorbed energy was measured at

room temperature by Charpy test with 10 mm 9 10

mm 9 55 mm unnotched specimens. Each set of data

reported was based on the properties obtained from

five samples.

Results and discussion

There are several critical issues that need to be met

before the 3DGP forming process. One key point is to

produce homogeneous and flowable slurries with the

highest possible solid loading value [16]. In this

study, the toluene–HEMA gel system provided a

low-viscosity vehicle and three well-dispersed slur-

ries with a solid loading of 60 vol% and suitable vis-

cosity, below 3 Pa�s at the shear rate of 20 s-1, were

prepared. As shown in Fig. 3a, the viscosity of three

slurries decreased significantly with increasing shear

rate, suggesting the shear thinning behavior. This

behavior is conducive to the extrusion and deposition

of slurries. The second challenge is the induction

period of the slurry’s polymerization. The deposition

of slurries was based on free radical polymerization

[17] of organic monomer. It can be seen from Fig. 3b

that the induction period decreased with the increase

in catalyst concentration, indicating that the poly-

merization of HEMA monomer can be controled by

adjusting the concentration of catalyst N, N, N’, N’-

tetramethylethylenediamine (TEMED). The third

thing is the removal of polymeric gel inside the

printed samples. The TG curve of toluene–HEMA

polymeric gel (Fig. 3c) indicated that at a tempering

temperature of 500 �C, a weight loss of almost 100%

was recorded due to complete burn out of the poly-

meric gel.

The key parameters for a 3DGP process are the

inner diameter of the needle, layer height, extrusion

speed of slurry (slurry flowing speed inside the

needle) and printing speed (movement speed of

needle). After extruded, the shape of slurry filament

changed due to the rheological property and weight

of slurry. Figure 4a displays the basic condition of

continuous printing: The volume of extruded slurry

(Vext) is equal to the volume of deposited slurry

(Vdep), which would be calculated by using Eq. (1):

Vext ¼ Vdep ð1Þ
p
4
D2

n � vslu � t ¼ A� vn � t ð2Þ

p
4
D2

n � vslu ¼ A � vn ð3Þ

where Dn is the inner diameter of the needle, vslu is

the extrusion speed of slurry, vn is the movement

speed of needle, and A is the cross-sectional area of

the slurry filament. The stacking manner of a slurry

wall is depicted in Fig. 4b [18]. Based on this figure,
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Figure 2 Debinding and sintering curve of 3D gel-printed

sample.
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the relationship between the layer height (Dz) and

width of slurry filament (x) can be concluded:

Dz ¼ x� sin
a
2

ð4Þ

where a is the slurry–green body contact angle. The

cross-sectional area of the slurry filament A can be

approximately calculated according to Eq. (5):

A ¼ x� Dz ð5Þ

By combining Eq. (3), (4) and (5), the layer height

can be derived as:

Dz ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sin a
2 � p�D2

n � vslu
4vn

s

ð6Þ

Equation (6) presents the implications of the key

parameters of a good printing quality in 3DGP pro-

cess. A green body with high precision and uniform

microstructure could be achieved only if these key

parameters arrive at a reasonable combination.

Furthermore, it is generally agreed upon that the

layer thickness and build orientation are the two

major factors affecting the surface roughness of

printed samples [19]. Our previous studies suggest

that the print quality can be improved using a fine

needle, thin layer and low printing speed. However,

considering the print quality and efficiency, the

suitable printing parameters (0.4-mm needle,

0.33 mm layer height, 23 mm/s extrusion speed of

slurry, 20 mm/s printing speed) were adopted for

this forming process.

Characterization of green body

Cutting pick with a gradient distribution of TiC was

printed as an example, shown in Fig. 5b. The height

and diameter of the model are 110 mm and 50 mm,

respectively. The dimension of the printed cutting

pick is 110.46 ± 0.02 mm high, 50.22 ± 0.02 mm in

diameter. The shape and dimensions of the cutting

pick are consistent with the designed 3D model. The

printed lines can be observed with no defects on the

surface. Note that the deposition angles of the cutting

pick are well matched with the designed angles, as

seen in Fig. 5c. More particularly, an overhang angle

of about 60� was successfully printed without sup-

port material (Fig. 5d). The overhang angle, which is

an important metric of formability of SFF process

[20], is strongly related to the shear thinning behav-

ior, shape retention and rapid polymerization of

slurry. The maximum overhang angle (self-support-

ing angle) of 3DGP requires further exploration.

Figure 5e shows a low magnification SEM image of

the printed cutting pick’s top surface. No gaps or

defects exist between the compactly arranged printed

Figure 3 a Viscosity of the TiC-high manganese steel composite

slurries as a function of shear rate, b Effect of catalyst

concentration on the polymerization rate of 20 wt% TiC-high

manganese steel composite slurry, c TG curve of polymeric gel

with a heating rate of 10 �C/min.

Figure 4 a Deformation of slurry filaments, b Cross-sectional

illustration of a slurry wall.
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lines. After being extruded and deposited on the

print platform, the shape of the slurry filament

changed from cylindrical to elliptic cylindrical

because of its own gravity and rheological behavior.

Figure 5f displays the fracture morphology of the

printed bulk sample. The width of a printed line is

about 436 lm, slightly larger than the internal

diameter of the needle. The layer height is about

330 lm, which was the set layer height. This indicates

that the deposited slurry filaments kept their elliptic

cylinder shape and solidified quickly with adequate

strength to support the weight of the subsequent

layers. 3DGP exhibits a good formability and high

forming precision for complex-shaped parts. Inter-

estingly, no pores or gaps were observed in the green

body, suggesting excellent adhesion between printed

lines and layers. One reason is related to the stereo

deposition method of 3DGP, in which the slurry fil-

aments are cross piled and the next layer will fill the

void spaces of the preceding layer, as shown in

Figs. 1c and 5f. Another reason is that the polymer-

ization of monomer and crosslinker would occur not

Figure 5 Characterization of

3DGP-built green bodies: a the

designed cutting pick model

with a gradient of TiC content,

b 3DGP-built cutting pick,

c the deposition angles and

print accuracy of 3DGP, d an

overhang angle of 60� without
support material, e SEM

image of the cutting pick’s top

surface, f fracture morphology

of the 3DGP-built green body,

g microstructure of dried green

body.
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only within the printed lines, but also on the inter-

faces during printing and drying steps, resulting in

the close combination of printed lines and layers. In

addition, the green body has a homogeneous

microstructure and a relatively high density due to

the high solid loading of slurries, as shown in Fig. 5g.

The highly crosslinked polymer–solvent gels cover

and hold the powders tightly, while maintaining the

green body’s strength. The bending strength of dried

green body is 12 ± 0.8 MPa, enabling the sample to

be removed safely from the print platform.

The sintered samples

A representative cross-sectional (parallel to deposi-

tion direction) microstructure of the sintered bulk

sample is shown in Fig. 6a. The SEM image shows

the gradient distribution of TiC (the dark gray par-

ticles in the image) within the TiC-high manganese

steel composite. The gradient structure of 3D gel-

printed sample was not destroyed by sintering at

high temperature. The sintered 3DGP sample exhib-

ited a clear graded distribution of TiC, which was

consistent with the design concept. Moreover, no

defects or interfaces between the printed layers and

lines were observed. The sample with nearly full

densification consisted of three deposition regions

corresponding to three slurries with TiC content of

20 wt%, 30 wt% and 40 wt%. The micrographs of the

three deposition regions, Fig. 6b–d, demonstrate the

distribution of TiC particles and dissolution–repre-

cipitation reaction of TiC particles in the binder

phase. It should be noted that the Mo element in high

manganese steel matrix would produce TiC–Mo2C

phase which surrounds the TiC particles, presenting

a core–shell structure in the microstructure. There are

obvious core–shell structures in Fig. 6b–d, which are

contributed to the wetting between reinforcement

particles and metal matrix. The microstructure of the

sintered 3DGP sample is similar to that of specimens

made by powder metallurgy.

XRD investigations were performed on three

deposition regions mentioned above inside a 3DGP

sample. It is observed in Fig. 7 that only the diffrac-

tion peaks corresponding to TiC and austenite matrix

are present without any significant contamination.

After water toughening, high manganese steel matrix

is single-phase austenite. The relative intensity of the

TiC peak gradually increased from region 1 to region

2 to region 3, indicating the TiC content increased.

XRD patterns also verified the gradient distribution

of TiC in the TiC-high manganese steel composite.

The density and mechanical properties of 3DGP

sample also showed graded distribution. To evaluate

the density and hardness, several cubes (10 mm 9

10 mm 9 10 mm) were cut from different regions in

the sintered samples. The sintered density decreased

with the TiC content, providing a

6.79–6.5–6.22 g�cm-3 gradient. The theoretical den-

sity of graded TiC-high manganese steel composite

(20 wt%–30 wt%–40 wt%) is 6.8–6.5–6.22 g�cm-3. The

fully densified TiC-high manganese steel cermet with

a gradient distribution of TiC was obtained. Hard-

ness values along the TiC-high manganese steel cer-

met increased with the content of TiC, revealing a

gradient of 45.6–52.8–59.9 HRC (Fig. 8).

The specimens for high-stress abrasive wear tests

were cut from three regions of 3DGP samples as well.

The specimens were held in a vertical position tan-

gent to a rotating steel wheel immersed in water

slurry of aluminum oxide particles. The test duration

was 10 min (1000 revolutions at 100 rpm). In this

study, the weight loss has been converted to volume

loss due to the different densities of specimens. The

wear resistance was evaluated by volume loss: the

lower the volume loss, the better the wear resistance.

The results are shown in Fig. 8. It has been observed

that the volume loss is more in the case of the spec-

imen with 20 wt% TiC content. The specimens cut

from region 3 (40 wt% TiC) achieved the minimal

volume loss, exhibiting the best wear resistance. It is

well known that high manganese steel has a work-

hardening capacity and an excellent wear resistance

under high-stress abrasive wear condition. And the

addition of TiC particulate reinforcements could

significantly improve the wear resistance of the high

manganese steel matrix. The volume loss decreased

with the increasing TiC content because plowing and

cutting of the matrix by the abrasive particles were

reduced by the presence of the hard TiC particles.

The wear resistance of 3DGP samples showed a

gradient variation (volume loss gradient:

0.034–0.009–0.007 cm3) according to their composi-

tion gradient and microstructure gradient.

Figure 9a shows the transverse rupture strength

(TRS) and impact toughness values of 3DGP samples.

A significant drop in the TRS and impact toughness

has been observed from region 1 to region 3. In addi-

tion, it can be seen from Fig. 9b that the TRS values

decrease considerably with the increase of TiC content.

2128 J Mater Sci (2019) 54:2122–2132



Figure 6 a Typical

longitudinal section

microstructure of the sintered,

compositionally graded TiC-

high manganese steel

composite, SEM images with

b 20 wt% TiC, c 30 wt% TiC

and d 40 wt% TiC content.

Figure 7 XRD patterns of three regions of 3D gel-printed TiC-

high manganese steel composite.

Figure 8 Gradient variations of hardness and wear resistance of

3D gel-printed graded composite.
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The increase in TiC content from 20 to 40 wt% led to a

decrease in the toughness and deformation capability

of the composite materials. The TRS and impact

toughness gradient were 2122.7–1711.3–1470.3 MPa

and 19.14–13.35–9.75 J�cm-2, respectively. The SEM

micrographs of fractured surface of 3DGP samples

were shown in Fig. 9c–e. The fractured surface of low

TiC content specimen (20 wt%) shows the brittle frac-

ture of TiC particles mixed with a certain amount of the

ductile fracture of high manganese steel matrix. With

increasing TiC content, the ductile fracture of matrix

decreased remarkably, whereas the brittle fracture of

TiC particles became the dominant fracture feature. It

is difficult to see the ductile fracture of matrix on the

Figure 9 a Transverse rupture strength and impact toughness of graded TiC-high manganese steel composite, b stress–strain curves of

graded samples, fracture morphology of specimens with c 20 wt% TiC, d 30 wt% TiC and e 40 wt% TiC.
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fractured surface of the specimen with 40 wt% TiC.

The fracture appearance also suggests that the TRS and

impact toughness of 3DGP sample decrease with

increasing TiC content, appearing graded distribution.

In this article, a cutting pick with gradient TiC

structure and corresponding graded mechanical

properties was designed and fabricated rapidly by

3D gel printing. As a non-beam-based process, 3DGP

avoids the problems caused by high-energy, high-

temperature and rapid solidification and has the

capabilities to manufacture fully dense complex-

shaped graded parts. It is worth pointing out that

3DGP is a high-throughput design and manufactur-

ing method. This method opens the gate for inte-

gration between design and manufacturing of graded

composites. Nevertheless, further research needs to

be invested on 3DGP for the optimal design and

additive manufacturing of more graded composites

and more complex-shaped parts.

Conclusions

A non-beam-based SFF technique termed 3D gel print-

ing was successfully employed to design and manufac-

ture TiC-high manganese steel composites with a

gradient distribution of TiC. Three slurries with different

TiC content were prepared based on toluene–HEMA gel

system, of which rheological behavior was appropriate

for 3DGP process. The complex-shaped green bodies

were printed accurately by depositing different slurries

layer by layer. After sintering, the manufactured cutting

pick and samples had gradient structure with corre-

sponding graded mechanical properties. The corre-

sponding density, hardness, TRS and impact toughness

gradient were 6.79–6.5–6.22 g cm-3, 45.6–52.8–59.9

HRC, 2122.7–1711.3–1470.3 MPa and 19.14–13.35

–9.75 J cm-2, respectively. The wear resistance increased

considerably by the increase in TiC content within a

3DGP sample. The cutting pick with high hardness and

excellent wear resistance of the stress-bearing tip and

surface and high toughness of the tail completely con-

formed to the design concept. In addition, this study

proves that fully dense complex-shaped part with a

gradient distribution of reinforcing particles (TiC in this

study) and properties can be fabricated. 3DGP has

shown distinctive advantages and capabilities for the

integrated design and manufacturing of graded com-

posites over traditional manufacturing processes and

other SFF techniques, providing a new high-throughput

method of producing graded composite parts with

desired properties gradient.
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