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Abstract: The combined processing technology used to mamnuwéadhe parts of the surface layer
hardened steel. The novelty technology lies infadlsethat the hardening of the surface layers igied

out both in liquid phase and in the solid statechrelogy comprises three main stages with 12
technological phases encompassing 12 technologisafations and 17 operations control, analysis and

compliance.

Stage I Micro-alloying directly from the liquid gace, by interaction with the liquid steel layer
deposited on the walls of the mold. Successivedare deposited on the walls of the mold in thenfof
paste made from 40% PM micro-alloyed metal powdgiskel, chromium, vanadium) and 60%
carburizing powder (charcoal, barium carbonate, ep&alcium carbonate, sodium carbonate, binder).
Stage II: Thermal treatment by induction of par&ied with hardening mixture AD: 35% metal powder
(nickel, chromium, vanadium, molybdenum) and 65%wizing powder (charcoal, barium carbonate,
coke, calcium carbonate, sodium carbonate, binder).
Stage lllI: Final heat treatment by: the chemicalmpwsition of the base material; surface layers
composition; application and operating conditiorfdtoe parts.

The paper analyzes the results obtained in sta@mit¢ro-alloying directly from liquid surface). The
results obtained in the stage | influence on thaligof the final product.
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1. INTRODUCTION

The combined processing technology achieves the

Table 1

Identification of solutionsfor combined processing
technology

face hardening of steel parts in both states: dicand Phase Solutions related to:
solid [4,5]. techn.
1 [Chemical content of micro-alloyage paste PM

The experimental process flow consists of:

- 12 process stages;

2

Chemical and mechanical cleaning; deposit of m
alloyage paste PM; ventilated air drying; prehestin

- 12 process operations;
- 17 control, analysis and conformity operations.

3

Chemical content of basic material, temperature
development time.

During the preliminary experiments there were aime

the development and the identification of solutiafs
manufacturing technology through combined processin

(G20 F

Process of

processing.

parameters preliminary  mecha|

in liquid and solid state, according to Table 1.

2. EXPERIMENTAL TECHNOLOGICAL FLOW

Chemical content of outer micrarea of samples af
micro-alloyage directly from liquid state; chemi
content at a depth of 0.20 mm in relation to thtve
surface

Technological flows used in the preliminary

Chemical content of the hardening mix AD.

experiments include the route from raw material to

oo

Deposit shape; number of successive layers;

finished parts delivery (Fig. 1).

Heaing temperature; diameter of the part; depth o
heated layer; penetration depth of the electrontag
field; quenching depth; frequency, specific powsrtbg
surface of the part; heating duration.

10

Process parameters (temperature, maintenance,
cooling method) of the final thermal treatment i@ns
A, B, C, D.

11

Layer features, hardness, granulation, inclusispscifig
adhesion, metallographic structure, defects.
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12

Competition elements, green product, environ
profile of the productimplementation possibilities of t
overall quality principle on the process flow, reliyg

Casting process; casting temperature, speed and time

icro-

time

throughout the entire lifetime of the product.




138

12

11.1

11.2

1.3

114

11.5

1.6

11.7

12.2

12.3

12.4

P. Combiertu et al. / Proceedings in Manufacturing Systekol. 9, Iss. 3, 2014 / 137-142

2.1

22 Stage I: Micro-alloying directly from the liquid
surface, by interaction with the liquid steel layer

23 deposited on the walls of the mold. Successive layers
are deposited on the walls of the mold in the form of

2.4 paste made from 40% PM micro-alloyed metal
powders (nickel, chromium, vanadium) and 60%

25 carburizing powder (charcoal, barium carbonate, coke,

calcium carbonate, sodium carbonate, binder).
- 5technological stages: 1,2,3,4,5

- 5 technological operations: 2.1, 2.2, 2.3, 2.4,

2.5,

PRELIMINARY CONTROL:
macroscopic  control:  cracks,
6.1 inhomogeneities, micro-welding,
unevenness;
62 - metallographic structure;
- chemically surface layer;

63 - chemically to a depth of 0.2 mm from the surface of

the active;
- hardness surface layer.

) - technological phase: 6
- 5 technological operations: 6.1, 6.2, 6.3, 6.4,
6.5 6.5.
&1 Stage II: Thermal treatment by induction of parts
coated with hardening mixture AD: 35% metal
82 powder (nickel, chromium, vanadium, molybdenum)
a3 and 65% carburizing powder (charcoal, barium

carbonate, coke, calcium carbonate, sodium
carbonate, binder).
- 3 technological stages: 7, 8, 9

- 3 technological operations 8.1, 8.2, 8.3

Stage III: Final heat treatment by: the chemical
composition of the base material; surface layers
composition: application and operating conditions of
the parts.
- technological phase: 10
- 4 technological operations: 10.1, 10.2, 10.3,
10.4

FINAL CONTROL: hardness, brittleness, surface
layer thickness, metallographic structure, grain size,
inclusions, specific adhesion.
Hierarchy defects;
a- wide and deep channels
Effects: premature wear abrasion;
b- cracks and pinches
Effects: plastic deformations which emphasizes
premature wear fatigue;
¢- surface layer dishomogeneity
Effects: alternating between areas carbide and
decarburized areas with oxide formation;
d- microwelding point;
Effects: premature wear adhesion;
e- scratch
Effects: emphasize corrosion wear;
f- unevenness surface layer
Effects: loss of material during operation of the
product.

- technological phase 11

- 7 technological operations: 11.1, 11.2, 11.3,

11.4,11.5,11.6, 11.7

PARTS DELIVERY - competitive elements

> Purpose: Green Product — Effect: Green
Supplier

> Environmental profile of the product
manufactured by the proposed technology;

> Recycling the lifetime of the product

- recycling the product development phase
Effects: evaluation system before recovery -+
recycling plan

- recycling production phase product
Effects: recycling technologies + range using
recycled materials

- recycling parts during operation produced

by the processing technology combined
liquid and solid phase
Effects: waste recycling, remanufactured parts;

- recycling scrapping phase product
Effects: dismantling methods and efficient use of
waste from scrapping;

- technological phase: 12

- 5 technological operations: 12.1, 12.2,

12.3,12.4,12.5

Fig. 1. Experimental technological flows.

pinches,
scratches,

3. PROCESS STAGES. PARAMETERS

The technology is aimed at hardening the surface.
Surface hardening starts in the liquid phase. Hande
solid phase is completed [9].

Process stage 1Preparation of the micro-alloyage paste
PM: metallic powder 40% + carburizing powder 60%
(Table 1).

Process stage 2Preparation of the casting mould [2].
Technological operation 2.Chemical and mechanical
cleaning: cleaning solution based on chemical sitve
mechanical brushing
Technological operation 2.¥entilated air
airflow 0.5 — 1 n¥min
Technological operation 2Beposit of the micro-
alloyage paste PM

- type of deposit: manual brush;

- number of layers: 3.
Technological operation 2Mentilated air
airflow 0.5 — 1 n¥min
Technological operation 2Breheating: T = 100°C,
Tmaintenance=60 Min.

drying:

drying:

Process stage:Development of the basic material
- type of furnace: electric induction furnace;
- capacity: max.100 Kg;
- chemical content of the basic material.
C <0.3%, S <0.02%, Si = max.1%, Mn = max. 0.45%.

Process stage :4Casting and micro-alloyage in liquid
state [3, 10].

Teasting 15506-1600°C; Measting = 0.2 - 2Kg/3;ctasting: 2-
60 s.

The micro-alloyage takes place by interaction
between liquid steel and the layers on the wallshef
casting mould. The deposited successive layerarader
micro-alloyage paste PM (Table 2).

Process stage :5Preliminary mechanical processing:
finishing turning of the face layer.

- cutting deptha, = 0.05-0.40 mm;

- advance ratd:= 0.05 — 0.10 mm/rot.

Process stage:@-ace layer control

Technological operation 6.Macroscopic control;
Technological operation 6.2Metallographic structure
control;

Technological operation 6.%ace layer chemical content
control;

Technological operation 6.£hemical content control at
the depth of 0.20 mm in relation to the active acef
Technological operation 6.%.ace layer hardness control

Process stage:/Preparation of the hardening mix (Table
3).

Table 2
Chemical content of the micro-alloyage paste PM

Composition paste microalloyed, %

Symbol Metal Carburizing powder
paste | powders 60%
micro | 40%

alloyed Ni |Cr|V|CharcogBaCQjCoci¥CaCQNa,CO4Binde
% % [%| % % | % | % % %
PM | 141412 35 5 15 2 2 1
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Table 3
Chemical content of the hardening mix AD
The composition of hardening, %
Symbol [ Metal Elements of carburizing
mixture | powders 65%
hardening = 3504
NilC{V [Mo|CharcodBaCOJCociCaCQNa,COJBinde
%|%|%| %| % % | % | % % %
AD 101010 5] 30 5 |20 4 4 2

Process stage 8:Deposit of the hardening mix on the
surface of the part.
Technological operation 8.3urface cleaning: cleaning
solution based on chemical
brushing
Technological operation 8.&D deposit

- type of deposit: manual brush

- number of layers: 3
Technological operation 8.3Ventilated air drying:
airflow 0.5 — 1 ni¥min.

Process stage:9nduction thermal processing
- T =1 00G-1050°C;
- theating= 2-5'S;
- maintenance duration =3 min;
- diameter of the part: max. 35 mm;
- optimal frequencyiogima = 10 kHz;
- specific power on the part surfadesp= 1 kW/cnf;
- generator effective capacity: 20 kW,
current intensity: 700 A;
- tension: 20 — 30V.

Process stage 10rhermal treatment [1, 7]
Technological operation 10.1Version A - direct

solvents + mechanical

139

- g, — useful depth of the layer whose carbon
concentration is higher than 0.40%; the valuesg,of
depend on the values of the carbon concentration
determined in depth, in layers in accordance with t
variation graphics of the carbon concentration e t
layer depthg, = 2.00 mm;

- gy — de depth up to which the minimum hardness is

600HV (~ 54 HRC),&q = min.0.50 mm; theq4 values

depend on the averages of the hardness
determinations on the layer depth, step-up and in
accordance with the variation graphics of the

hardness on the depth of the carburized and micro-
alloyed layer;

ea — distance from the active surface to the point

where the temperature at the end of heatingThas

800°C; ¢, is determined through simulations,
obtaining forT = 950 °GC> g,= 2.111 mm, and fof

=1050°C— go= 2.614 mm;

¢ — quenching depth determined by the empirical

relatione = (0.05-0.10)d (mm); for the diameter of

the part of 35 mm it is considered 0.4G-3.00 mm.

Technological operation 11.4Metallographic structure

control

- Mainly martensitic structure + complex carbides
without carbon separations ;

Technological operation 11.%&ranulation control

- Smooth granulation in the face layer - small grain
index on the surface of the part: 9, 10. 11

Technological operation: 11.€ontrol inclusions

- Reduced number of inclusions in the superficial
layer: p=max.2;

A — sulphate = 0 +1; B — oxides linear = 1,4.= 5,5

um) + 2 (Lnax = 11 pm, No. inclusion = 4, total length =

44 um), C — silicates =1; D — globular oxides =2

quenching CD + low recovery RJ (it applies to low (D = 11um, standard image area = @%°)

importance parts that need to present especiatih hi
values of hardening) ;

Technological operation 10.2Version B - stressed
cooling + simple layer quenching CS + low recovBdy

(it applies to deformed parts, putting aside direct.

guenching. The parts are accelerated under vestikatr
and reheated at 806840 °C, in order to ensure simple
layer quenching);

Technological operation 10.3/ersion C- accelerated
cooling + subcritical inter annealing Rcl + simpdsyer
guenching CS + low recovery RJ (it applies in theecof

Technological operation: 11.Tontrol specific adhesion
q = F/A; F = pressing force, NA = surface area, mfm

- soft metallurgical bonding: g < 80 N/mMim

- average metallurgical bonding= 80 — 170 N/mr
strong metallurgical bondingf > 170 N/mm.

Process stage 1Delivery of the finished part
Technological operation 12.1.Verification of the
competitiveness elements: [6]

- the estimated production costs fall under the cost-
quality matrix required on the EU market;

parts that require post-treatment machine cutting.
Between carburizing and simple layer quenching a
subcritical inter annealing is introduced at 6880°C);

similar features with parts manufactured in the EU;
post-sale services: 12 month warranty;
consolidation of the economic agent by creating new

Technological operation 10.4Version D — double
guenching with inter annealing (it applies to paofs
medium alloyed steels superficially hardened).

Process stage 11 ayer control
Technological operation 11.1. Hardness control.
- Average of the face layer hardness: 55 HRC;
Technological operation 11.&hortness control.
- Absence of cracks near the trace obtained
from pushing the head of the diamond penetratdr @it
strength of 100 daN;
Technological operation 11.3Face layer thickness
control.

jobs;
Technological
compliance requirements:
supplier.
Technological operation 12.3Development of the
environment profile of the product manufactured by
combined processing technology in liquid and setate
(Table 4).
Technological operation 12.4Implementation of the
total quality principle (Table 5)
Technological operation 12.. Recycling throughout the
entire life cycle of the product (Table 6).

operation 12.2.Verification of the
Green produet Green
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Table 4

Development of the environment profile of the produt [6]

Technological
operation 12.3.1

Identification of the environment impalct

combined processing in liquid and solid

state.

Technological
operation 12.3.2

critical stage of life cycles

Technological

operation 12.3.3

Identify improvement margins.

Technological

operation 12.3.4

the improvement methods;

Technological

operation 12.3.5

Replace quality steel with normal steel
parts by using combined processing
liquid and solid state and the design
changes that ensure a resistance
comparable to the initial materials.

in

Table 5

Implementation of the total quality principle

Technological

operation 12.4.1

Regular staff certification.

Technological

operation 12.4.2

Certification of analysis labs.

Technological

operation 12.4.3

Technical level accepted for installations
of combined processing in liquid an
solid state.

o

Technological

operation 12.4.4

High standards for: depollution, storag

o

collecting, recovery, reuse and recyclin

@

Table 6

Recycling throughout the entire life cycle of the pduct [8]

Technological
operation 12.5.1

Recycling in the product development
stage:
Achieved effectevaluation system befor
recovery + recycling plan.

1%}

Technological
operation 12.5.2

Recycling in the product production stage:
Achieved effectrecycling technologies +
use of the recycled material range.

@

Technological
operation 12.5.3

Recycling in the exploitation stage of
parts manufactured through suggeste
technology:
Achieved effectwaste recycling +
refurbished parts.

o

Technological
operation 12.5.4

Recycling in the product cassation:
Achieved effectdismantling methods +
efficient use of waste resulted from
cassation.

4. PRELIMINARY EXPERIMENTS

In preliminary experiments to check the stage | of
technological concept; emphasis has been placed on

micro-alloying directly from the liquid phase.
Preliminary experiments consist of:

- preparation of the micro-alloyage paste PM (40%

metallic powder + 60% carburizing powder);
- micro-alloyage directly in liquid state.

The micro-alloyage was achieved directly from lajui

state by interaction between liquid steel and theeils
deposited on the walls of the casting mould.

Table 7 presents the values of the main technabgic produced with maximum intensity in this area canfir the
parameters used in the preliminary experiments

generated by parts manufactured through

Determine for each identified impact the

Assess advantages and disadvantages o

Table 7

Preliminary experiments - micro-alloyage directly n
liquid state
No.[No.[Pastd Type | No. [Preheating[Hold [Sampld Type [Casting Cas [Time
sam|cha| type |deposit|Paste] temperat. | time | Mass|casting tempe | ting |casting
ple |rge layer 6c] ‘ sampld rature | speed

[min] | [Kd] [l | [kars] | [s]
P1S1/PM|brush 3 100 | 40/0,20direct 1560| 0,10 2
P2/S1/PM|brush 3 100 | 60|0,30(direct 1580| 0,10| 3
P3/S1PM|brush 3 100 | 50/0,40/direct 1560| 0,20 2
P4{S2/PM|brush 3 100 | 50/0,60/direct 1600| 0,20| 3
P5|S2/PM|brush 3 100 | 60/0,60direct 1560| 0,20 3
P6|S2/PM|brush 3 100 | 40/0,20/direct 1580| 0,10 2
P7/S3PM|brush 3 100 | 40/0,40direct 1560| 0,10 4
P8 S3/PM|brush 3 100 | 50/0,60/direct 1600| 0,20 4
P9|S3 PM|brush 3 100 | 60|0,40/direc{ 1580| 0,10| 4
P10S3 PM|brush 3 100 | 60/0,60/direct 1560| 0,20 3

The investigation methods and the main techniques
used:

- Establish material hardness, with hardness micro-
meter MIC 20 Krautkramer;

- Microstructural and microcompositional analysis
through scanning electron microscopy (SEM) and
energy dispersive X-ray analysis (EDAX) on the
scanning electron microscopy Quanta Inspect F.

- Phase analysis through X-ray diffraction on the
Panalytical Diffractometer X'Pert Pro MPD
Methods of investigation determined that

technological conditions micro-alloying occurredtiwi

maximum intensity.

5. RESULTS

The micro-alloyage directly from liquid state
occurred with intensity in the case of sample P2,
experimental batch S1.

Technological parameters for experimental sample
P2, batch S1 are shown in Table 7. In Figs. 2 aade3
shown test areas of interest micro P2.

Fig. 2. Image of scanning electron microscopy (SEM) &b 8
zoom.

Sample P2

Interest microarea: outdoor

Depth of the outer area: 0.10 - 0.50 mm in relat@mthe active

area of the sample. ETD determination: secondaggtrein

detector.

Microarea closest to the outer active surface. Aroaalloying

viability of the process.
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Compositional analysis of face layers:

Experimental batch: 1

Sample: P2

Compositional analysis of the outer interest afeaQ —
0.50 mm from the active area): C: 0.52%, Ni:0.37%,
Cr:0.38%, V: 0.11%, M0:0.09%

Compositional analysis of the interest area 1 (Qrifh
from the active area): C:0.37%, Ni:0.12%, Cr:0.1M\%,
0.05%

Compositional analysis of the interest area 2 (5 Inm
from the active area): C:0.32%, Ni:0.09%, Cr:0.07%
Compositional analysis of the interest area 3 (farBm
from the active area): C:0.25%, Ni:0.05%, Cr:0.05%.
Analysis on the structure and quality of face layes:

- raw structures casting the samples are analyzed by

"9 52 wih Pighighiing analysed inieros microase. - clecvonmicroscopy; |

Sample P2 ghlighting Y - micro-alloying directly from liquid superficial lays
Outer microarea (0.10-0.50 mm from the active area) detelfmlnes the presence of aIonlng elements;
Microarea 1 (0.75 mm from the active area) Micraage(1.50 - alloying elements are embedded in the phase nano-
mm from the active area) Microarea 3 (2.50 mm fthmactive structured components.

area) Microarea 4 (3.50 mm from the active area) In Figs. 6, 7, 8 and 9 Scanning electron microscopy
BSED determination: back-scattered electron detector images for sample P2 (different orders of magniitrg

are presented.
In Figs. 4 and 5 idtribution of element homogeneiig
shown

8.00 10.00 1200 keV

Fig. 4. Energy dispersive X-ray analysis (EDAX) obtained
from outer microarea - sample P2.

Distribution of element homogeneity in the outercroarea -
Sample P2 Composition: C: 0.52%; Ni:0.37%; Cr:0.38%;
Mo0:0.09% .

The micro—alloyage took place intensely in the aafse Sﬁ%m'sﬁgf?:v)\: casting structure
sample P2, experimental batch S1, through enrichofen  presence of alloyage elements in the outer layer
the outer area in the micro-alloyage and carbugisin
elements: C-0.52%; Ni-0.37%; Cr-0.38%; V- 0.11%;
Mo-0.09% in relation to the active area.

Fig. 6.Image of scanning electron microscopy (SEM).
Sample P2
Interest area: outdoor

z.10 a10 610 310 10.10 12.10 14.10 kev

Fig. 7.Image of scanning electron microscopy (SEM).
Fig. 5Energy dispersive X-ray analysis (EDAX) obtained on Sample P2 _
the microarea 3 - sample P2. Interest area: outdoor

Distribution of element homogeneity in the micraa@ (2.50 ~ £00m: 200.000x
mm from the active area) — Sample P2 Raw casting structure unprocessed thermally
Composition: C: 0.25%: Ni:0.05%: Cr:0.05% Presence of nano-structured phase parts in the ivaserials
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Fig. 8.Image of scanning electron microscopy (SEM).

Sample P2

Interest area: outdoor

Zoom: 100.000x

Unfinished raw casting structure

Alloyage phase parts nano-structured in the baaterial

Fig. 9.Image of scanning electron microscopy (SEM).

Sample P2

Interest area: outdoor

Zoom: 200.000x

Unfinished raw casting structure

View of alloyage phase parts in the basic material
Dimensional size of nano-structured parts

6. CONCLUSIONS

The structural analysis highlights the presence of
elements from the micro-alloyage paste in the ocatea
of the samples by creating a face layer as a highly
adhesive outer cover.

The hardness average of the face layer is high
considering that the casted samples were subject to
simple thermal processing, which highlights theedir
micro-alloyage in the liquid phase. The high valads
the hardness average and the presence of alloyage
elements in the face layer support the durabilitythe
process of combined processing in liquid and sstkde.

Preliminary experiments will continue with stage Il
of the technological process. Technological paramset
used for setting values sample P2 to base the
optimization stage I. A micro-alloying high obtaihén
stage | create the basis to obtain adequate résidtage
Il (induction thermal processing).
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