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a b s t r a c t 

Laser engineered net shaping of a WC-10wt%FeCr cemented carbide showed cracking during deposition despite 

using a full factorial design of experiments matrix along with single and multiple objective optimization models 

to establish an optimal parameter set. In this study four techniques namely, laser re-melting, use of FeCr and Ni- 

alloy butter layers, and substrate preheating, were used in an effort to reduce the crack susceptibility of deposited 

samples and the resultant effects on microstructure and hardness were studied. Laser re-melting improved the 

surface morphology of the deposited samples and reduced the number of primary and secondary cracks, however 

the hardness decreased. The Ni-alloy butter layer reduced the formation of secondary cracking and led to an 

increase in hardness, while the FeCr butter layer resulted in increased primary cracks and a reduced hardness. 

Substrate preheating reduced crack formation and led to an increase in the hardness with the reduction in cracking 

being attributed to a reduction of the initial thermal gradient. 
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. Introduction 

Directed energy deposition (DED) is an additive manufacturing (AM)

rocess with advantages such as fabrication of near net-shaped compo-

ents, reduced usage of patterns and fixtures during fabrication, rapid

anufacturing times and the production of materials with refined grains

ue to fast cooling rates [1 , 2] . The DED of cemented carbides offers an

lternative manufacturing method to the conventional powder metal-

urgy (PM) production route which includes sintering as a process step

3 , 4] . The disadvantages of conventional sintering processes include

ong production times [5] , grain growth due to long sintering times and

olution re-precipitation of tungsten carbide (WC) crystals [6] and the

ormation of embrittling constituents such as the eta ( 𝜂) phase due to

ecarburization [7] . 

DED may become a solution in the production of cemented carbides.

owever, the high cooling rates associated with laser fabrication pro-

esses due to a coherent high energy intensity being focused on small

pot sizes [8] , leads to residual stresses which may be problematic for

emented carbides. These stresses occur during non-uniform heating or

ooling of a material leading to thermal contraction and expansion in

esponse to the local thermal cycle [9] . During the cooling cycle in laser

abrication, shrinkage of the deposited material occurs due to thermal

ontraction. However, the heat is conducted into the substrate which
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auses it to expand and consequently contract as heat dissipates out of

he material by convection [10] . When this expansion exceeds the con-

raction of a material, tensile residual stresses exist and if these exceed

he yield strength of the material distortion and eventually cracking of

he material will occur [11 , 12] . An additional source of residual stress is

ue to non-uniform expansion and contraction of materials during the

hermal cycle which is governed by the differences in the coefficients

f thermal expansion (CTE)/contraction between the substrate and the

eposited material [13] . This may thus result in cracks at the interface

14] . 

WC, which is the main reinforcement material in cemented carbides,

s known to be brittle due to its high hardness and hence has a high

racking susceptibility. Furthermore the use of iron (Fe) binders in ce-

ented carbides display low rupture strength in comparison to other

inders such as nickel (Ni) and cobalt (Co) [15] . Therefore, when WC

nd Fe are blended to produce a cemented carbide using DED then crack

usceptibility is a concern due to the residual stresses mentioned ear-

ier, and methods to mitigate crack formation need to be found. While

esearch in crack restraining methods for cemented carbides fabricated

y other laser manufacturing technologies such as laser cladding has

een done by several researchers [16 , 17 , 18] , similar research for DED

abrication of cemented carbides does not appear to have been published

et. Therefore, the focus of the current study was to investigate if the

racks from DED could be mitigated. 

For laser cladding, substrate preheating is the most popular

nd studied crack restraining method. This involves preheating the
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Table 1 

LENS® process parameters. 

Process parameter Value 

Laser power (W) 200 

Traverse speed (mm/s) 3.2 

Powder feed rate (g/min) 12.2 

Z-increment (mm) 0.2 

Stand-off distance (mm) 8 

Laser spot size (mm) 1.4 

Fig. 1. Ceramic heating stage. 
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ubstrate to an optimized temperature in order to reduce the thermal

radient which occurs at high deposition temperatures, thereby reduc-

ng the residual stresses [14] . Buttering (also known as a buffer layer)

s another method which has been used in the cladding and hard-facing

ndustry in the field of dissimilar materials. The difference in the ther-

al coefficient of expansion and thermal stresses between the coating

nd the substrate may result in the formation of cracks as both materials

on’t contract at the same rate [14 , 19 , 20] . The butter layer is deposited

t the interface between the substrate and the material alloy to be de-

osited, the function of the butter layer is to absorb the residual stresses

21] . It becomes clear that the butter layer should be composed of a

aterial with a yield strength lower than that of the substrate and the

lloy to be deposited. In addition the butter layer material should have a

hermal coefficient of expansion which is between that of the substrate

nd alloy to be deposited [22] . 

Dai et al. [17] , studied the effects of laser re-melting, annealing and

reheating on the cracking susceptibility, microstructure and mechan-

cal properties of WC/Fe laser cladding coatings. Laser re-melting was

een to reduce cracks on the surface, in addition laser re-melting gave

ise to a smooth coating. During laser re-melting the temperature of the

aser coating is higher than the laser cladding process, this thus results

n lower cooling rates thus reducing the thermal stress which lowers

he crack susceptibility [17] . Preheating which also lowers the cooling

ate was seen to reduce the number of cracks on the coating. Dai et al.

17] , showed that even though laser re-melting and preheating reduced

he amount of cracks, these methods could not completely retrain the

racks. Luenda et al. [18] studied the application of preheating and the

sage of a nickel-chromium (NiCr) buffer layer between the substrate

nd WC reinforced (NiCr) alloy coating. A maximum preheat temper-

ture of 350 °C was not enough to ensure the deposition of crack-free

amples and the use of a NiCr butter layer had no influence on the crack

ormation. Substrate preheating in order to reduce the cooling rate and

ence prevent cracking, has been seen to reduce the crack propensity but

ot avoid cracking in cemented carbides with NiCr binders [16] . Sadhu

t al. [23] , established that optimizing the cooling rate by varying the

can speed in the direct metal laser deposition of NiCrSiBC-60%WC ce-

amic coating had no influence on the thermal crack formation. Preheat-

ng was seen to lower the thermal gradient and hence thermal residual

tresses between the substrate and the coating resulting in a crack-free

eposition [23] . 

According to the authors knowledge crack restraining methods have

ever been applied to directed energy deposited WC-FeCr cemented car-

ides. Thus three different crack restraining methods namely preheat-

ng, buttering and laser re-melting were investigated and the influence

f these crack restraining methods on sample surface morphology, crack

ormation, phase formation and sample hardness was studied. 

. Materials and methods 

.1. Feedstock powders 

Two feedstock powders namely, spherical cast WC powder with a

article size of 90 ± 45 μm produced by Zhuzhou Jiangwe Boda Hard-

acing Materials Co., Ltd; and a gas atomized AISI 420 (FeCr) powder

ith a particle size of 125 ± 53 μm produced by Sandvik Osprey Ltd were

sed [24] . The powder morphology, particle size distribution (PSD) and

hases analysis was determined by means of a Camscan Maxim 2000

canning electron microscope (SEM), a Malvern Mastersizer-S and a

ruker D2 x-ray diffraction (XRD) spectroscopy respectively. The two

owders, with a weight ratio of WC:FeCr alloy equal to 9:1, were

lended in a rotary mill for 4 hrs at a rotation speed of 68.75 rpm [24] .

.2. LENS® deposition process 

An Optomec 850-R LENS® system with a 1 kW IPG fiber laser was

sed for the deposition of WC-10wt%FeCr rectangular blocks onto a shot
2 
lasted mild steel substrate. The blocks were composed of 15 layers with

imensions 11 mm x 16 mm. During deposition the powders were deliv-

red into the path of the laser beam through powder delivery nozzles.

he interaction of the laser beam and feedstock powder led to the forma-

ion of a molten pool which formed a solid deposit upon solidification.

ollowing deposition of each layer the laser head moved up by a con-

tant z-increment of 0.2 mm, while the substrate remained stationary.

he near optimum process parameters for the deposition are presented

n Table 1 . The near optimum process parameters were obtained from

 full factorial design of experiments (DOE), establishment from statis-

ical regression models and multi-objective optimization techniques in

reliminary studies. 

.3. Crack restraining techniques 

Experiments of the effects of different crack restraining methods,

amely preheating, butter layer and laser re-melting were carried out.

reheating of the mild steel substrate before LENS® deposition was car-

ied out by using a ceramic heating stage ( Fig. 1 ), a preheat tempera-

ure of 250 °C [17] , was used and verification was done using an in-

rared thermometer. During buttering two types of alloys were used,

amely AISI 420 (FeCr) and Monel 400 butter (Ni-alloy). The butter

ayers were deposited using the process parameters shown in Table 1 . A

hree layer butter was applied at the interface between the substrate and

C-10wt%FeCr deposit. Laser re-melting was carried out by depositing

5 layers of WC- 10wt%FeCr after which the powder nozzles were closed

nd the laser was used to heat the top surface of the deposited samples.

n order to see the effects of laser re-melting, 1 and 3 layers of laser

e-melting were conducted. The 3 layers laser re-melting technique was

arried by heating the top surface 3 times (3 layer deposition) without

he addition of powder. 

.4. Material characterization 

The cross sections of the deposited samples were analysed for cracks

sing a liquid dye penetrant crack testing method. The cracks observed

ere visually counted and categorised into main and secondary cracks,
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Fig. 2. Sample A, LENS deposited sample at 200 W, 3.2 mm/s, 12.2 g/min without crack mitigation. 
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Table 2 

Influence of crack restraining methods on cracks. 

Samples deposited at 200 W, 3.2 mm/s, 12.2 g/min Nr. of main cracks 

As deposited 4 

FeCr (AISI 420) butter 5 

Monel 400 (Ni alloy) butter 4 

1 layer laser re-melting 4 

3 layer laser re-melting 3 

Preheating the substrate to 250 °C 3 
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hereby secondary cracks originated from the main cracks. In order

o carry out metallographic and phase analysis the samples were hot

ounted using Struers bakelite resin, ground using Struers diamond

rinding discs grit 220 and 1200, respectively and polished with a 6 μm,

 μm and 1 μm finish using a Struers diamond suspension. Un-etched

amples were viewed using an Olympus stereo microscope. An Electron

robe micro-analyzer (EPMA) was used to carry out elemental analy-

is around the crack area. Vickers macro-hardness measurements were

one on the deposited cube samples using an Innovatest Nexus 8000 se-

ies universal hardness tester. A Vickers diamond indenter with a load

f 30 kg load was used. Three indentations were randomly collected and

veraged for each hardness value. 

. Results and discussion 

.1. Analysis of crack restraining methods 

Fig. 2 shows the deposited WC-10wt%FeCr blocks before the appli-

ation of crack restraining techniques. No cracks were visually visible

n the surface of the deposited sample and this could have been due to

he surface roughness of the sample. 

Sample A was sectioned transversely and a dye penetrant test was

onducted in order to identify the cracks on the cross section ( Fig. 3 ).

ertical macro-cracks were seen to be propagating from the top surface

ransversely to the sample build direction until the substrate/deposit in-

erface. Horizontal secondary cracks originating from the main cracks

ere also observed, evidence of secondary cracking shows that the mate-

ial was under high internal stresses [25] . Toe cracks were also observed

etween the deposited sample and the substrate interface, these cracks

re caused by excessive stress and a brittle heat affect zone (HAZ) [26] ,

n addition the deposition toe (sample/substrate interface corner) causes

 geometric stress raiser. The presence of cracks shows that the direct

eposition of WC-10wt%FeCr results in high tensile stresses which ex-

eeds the yield stress of the material. The material thus relieves these

tresses by the formation of cracks. 

.1.1. Effect of laser re-melting on crack formation 

Fig. 4 shows the surface morphology of the deposited samples before

nd after 1 and 3 layers of laser re-melting. Laser re-melting resulted

n an improved surface appearance which visually appeared smoother

ith reduced edges on the contours and with less visibility of the scan-

ing pattern than the samples without laser re-melting. During laser

e-melting the top layers of the sample are heated and melted without

he addition of powder, this then leads to the melting of the initial un-
3 
elted powder particles on the surface and re-melted material flow from

eaks to valleys under surface tension [17 , 27 , 28] . 

No cracks were visually observed on the surfaces due to the surface

oughness of deposited samples, however the cross sections displayed

racks which were perpendicular to the deposit-substrate interface, a

eduction of secondary cracks was observed ( Fig. 5 ). The 1 layer re-

elting showed lack of fusion cracks along the interface, however this

as due to material pull-out during metallographic preparation. Not

nly is laser re-melting used to improve the surface quality of laser de-

osited samples but it can also be used as an in-situ post heat treat-

ent process to retard crack growth and reduce cracks [29 , 30] . One

ayer laser re-melting had no influence on the cracks as the number of

racks were the same with samples without laser re-melting. However

 3-layer laser re-melting resulted in a 25% reduction in the number of

racks ( Table 2 ). Laser re-melting increases the overall temperature of

he fabricated WC-10wt%FeCr sample with the top layers experiencing

he highest temperature, this increase in temperature results in slower

ooling rates and a reduction in the thermal gradient thus decreasing

he thermal residual stresses [23] . 

.1.2. Effect of FeCr butter layer on crack formation 

An FeCr butter layer was used to attain compatibility with the binder

hase of the deposited samples and to ensure that the coefficient of ther-

al expansion was similar to that of the deposited material. A WC-FeCr

emented carbides, FeCr alloy and mild steel material have CTE’s of

 × 10 − 6 °C 

− 1 [31] , 10.25 × 10 − 6 °C 

− 1 and 11.7 × 10 − 6 °C 

− 1 [32] , respec-

ively. A butter layer having an intermediate CTE between the substrate

nd the deposited material reduces the thermal residual stresses and

ence reduce susceptibility to crack formation [33] . Even though the

eCr butter layer had an intermediate CTE it was observed that there was

n increase in the number of main cracks which were perpendicular to

he substrate-butter layer interface, and a reduction in secondary cracks

 Fig. 6 ). FeCr alloys namely AISI 420 are fracture sensitive and have
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Fig. 3. Cracks on samples deposited at 200 W, 

3.2 mm/s, 12.2 g/min; (a) Dye penetrant tested sam- 

ple, (b) As-sectioned cross section, (c) As-polished cross 

section. 

Fig. 4. Surface characteristics of; (a) 1 layer and (b) 3 

layer laser re-melting. 

Fig. 5. Effect of laser re-melting, (a) and (b) 1 layer 

re-melting; (c) and (d) 3 layers re-melting. 
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icrostructures composed of brittle martensite and retained austenite

ollowing laser deposition [34] . 

.1.3. Effect of Ni-alloy butter layer on crack formation 

The use of Ni-alloys as butter layers have been extensively used in

rder to reduce the thermal residual stresses by applying a bond coat
4 
aterial. The bond coat material has a coefficient of thermal expansion

ntermediate between the substrate and the material to be deposited

20 , 18] . Leunda et al. [18] , however discovered that the use of a NiCr

utter layer was not sufficient in avoiding cracks in cemented carbides.

n this study a Monel 400 butter layer having a coefficient of thermal

xpansion of 14.5 × 10 − 6 °C 

− 1 exceeding that of the substrate and the
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Fig. 6. FeCr butter layer; (a) dye penetrant image, (b) 

macro-image showing cracks. 

Fig. 7. Ni-alloy butter; (a) dye penetrant sample, (b) macro-image showing cracks. 

Fig. 8. Preheat at 250 °C; (a) dye penetrant sample, 

(b) macro-image. 
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C-FeCr cemented carbide was used. The reason of usage is because

onel 400 has a yield strength of 240 MPa [35] and its lower than that

f AISI 420 (FeCr) which is 532 MPa [36] , which means Monel 400 will

e able to absorb the plastic strain during deposition. In addition Monel

00 has a lower thermal conductivity than mild steel hence a slower

ooling rate will be imparted by the butter layer. Following deposition

sing the Ni-alloy butter layer, cracks were still observed on the sample

ross section ( Fig. 7 ). The butter layer had no influence on the internal

racks as the same number of cracks were present with or without the

i-alloy butter layer, however there was a reduction in the formation of

econdary cracking. 

.1.4. Effect of substrate preheat on crack formation 

The mild steel substrate was preheated to 250 °C after which the WC-

0wt%FeCr powder was deposited onto the preheated substrate. Cracks

ere observed even after preheating ( Fig. 8 ). The preheated sample

owever, had a reduced number of cracks in comparison to the samples

hich did not undergo preheat ( Table 2 ) and no secondary cracking was

bserved. 

.2. Effect of crack restraining methods on microstructure 

The cracks present on the WC-FeCr were seen to propagate through

he spherical WC grains and FeCr matrix ( Fig. 9 ). EPMA analysis was

onducted and it was established that elemental segregation of carbon
5 
as present along the crack path ( Fig. 10 ). It becomes clear that cracking

nitiates and propagates along stress raisers such as carbon precipitates,

esign notches and brittle WC grains. 

Fig. 11 , shows the XRD spectrums of the phases present in all the

rack restraining samples and these were compared with the sample

ithout any crack restraining methods. The use of a Ni-alloy butter layer

ed to NiCu peaks with no secondary chromium carbide formation and

he FeCr butter layer led to the formation of stronger Cr 7 C 3 peaks. The

resence of Cr7C 3 causes a material to be brittle and thus reduces the

racture toughness [37] . It is clear that the use of the butter layer and

ubstrate preheating results in the introduction of additional phases. 

.3. Effect of crack restraining methods on hardness 

Fig. 12 shows that laser re-melting and the application of the FeCr

utter layer resulted in a decrease in hardness of the WC-10wt%FeCr

emented carbide. The 3 layer re-melting process was seen to have a

ajor impact on hardness reduction than the 1 layer re-melting pro-

ess. Laser re-melting results in increased WC dissolution leading to

 reduction in hardness. This is in agreement to the results obtained

y Dai et al. [17] and Leunda et al. [18] . The use of a Ni-alloy but-

er layer and a substrate preheat of 250 °C resulted in an increase

n the sample hardness in comparison with samples deposited with-

ut the use of crack restraining techniques, with preheat displaying

he highest hardness. Winarto et al. [20] and Nagentrau et al. [38]
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Fig. 9. Cracks on sample deposited without crack restraining; (a) center of sample, (b) substrate/deposit interface. 

Fig. 10. (a) Micrograph of showing crack propagation; (b) EPMA analysis showing carbon segregation along the crack path. 

Fig. 11. XRD spectrum of the different crack restraining methods. 
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lso indicated that hardness of Ni buttered coatings increased with the

pplication of substrate preheat and this was attributed to the distri-

ution of carbides within the coating. The use of the Ni-alloy butter

ayer resulted in an increase in hardness, this could be attributed to

he dilution-limiting effect of the iron based substrate material, pre-

enting the diffusion of iron (Fe) and hence prevented the formation

f chromium carbides. This is concurrent with the work done by Stan-
 h  

6 
iu et al. [19] , whereby the use of a Ni-alloy butter resulted in increased

ardness. 

. Conclusion 

In this study, four approaches namely laser re-melting, substrate pre-

eating and the use of a FeCr and Ni-alloy butter layers were explored
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Fig. 12. Influence of the crack restraining methods on hardness. 
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o investigate their effect on crack restraining in the LENS® deposition

f WC-10wt%FeCr cemented carbides. While none of the methods pro-

uced crack-free samples, all crack retraining methods led to a reduc-

ion in the secondary cracks. Laser re-melting, the use of a Ni-alloy and

eCr butter and substrate preheating led to a reduction in the amount

f secondary cracks. However, laser re-melting and substrate preheat-

ng resulted in an overall decrease in the number of main cracks due to

mparting slower cooling rates and hence a reduction in thermal resid-

al stresses. The FeCr butter layer resulted in an increase in the number

f cracks and this was attributed to the precipitation of chromium car-

ides such as Cr7C 3 on grain boundaries thus increasing the susceptibil-

ty to crack formation. The crack restraining techniques had an impact

n the average hardness of the WC-10wt%FeCr with laser re-melting

nd the FeCr butter layer resulting in a decrease in the hardness. Laser

e-melting resulted in an increase in temperature of the deposited sam-

le leading to carbide dissolution and hence a decrease in hardness. The

ecrease in hardness when using a FeCr butter layer was attributed to

arbide precipitation on grain boundaries thus increasing the suscepti-

ility to crack formation. Localised distribution of carbides within the

rain boundaries results in carbide depletion areas adjacent to the grain

oundaries and hence reduction in hardness. The use of a Ni-alloy butter

ayer and substrate preheating lead to an increase in hardness. 
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