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Abstract. Microstructure analysis was performed on rolled bars of high-speed steel after two
and three forging cycles, each cycle comprising one upsetting and one drawing out operation.
High-speed steels belong to difficult-to-form materials with a narrow forging temperature
interval. Forging above the maximum forging temperature may lead to grain coarsening. Below
the minimum forging temperature, deformation resistance of the material increases, and the
workpiece may fail. Using numerical modelling, special forging dies were designed and effective
strain distribution was calculated for an axial cross-section plane in specimens after two and
three forging cycles. The purpose of the analysis was to identify the relationship between the
amount of effective strain and the shape and size of austenite grain and the volume fraction and
density of carbides after forging. The size of prior austenite grains was measured using the linear
intercept method which is based on the Snyder-Graff method. Grain shapes were characterized
in terms of circularity, which is the difference between the shape in question and a circle. With
increasing amount of strain, the grains in the material became finer, as undissolved carbides
impeded grain growth. In as-received rolled condition, the austenite grain size was G9. After
three forging cycles, it was smaller, G11 (the higher the number, the smaller the grains).
Circularity characterizes the complexity of a grain shape. Micrographs of carbide particles were
taken using a scanning electron microscope and examined with NIS Elements image analysis
software. The majority of carbides were sized between 0.2 and 2 um. The carbides which are
less than 1 pm in size do not shrink in response to increasing strain and their quantity does not
change appreciably. Carbides with a size of 1-2 um show a different behaviour. In the central
region of specimens, where strain is the largest, their amounts are much larger than in less-
worked regions.

1. Introduction

Although steel is traditionally worked by forging, lack of information persists in terms of the relationship
between the microstructural conditions of high-speed steels (HSS) and the amount of strain in a forged
workpiece. High-speed steels are characterized by the presence of various carbides [1]. In addition to
chromium carbides, they contain complex carbides of molybdenum, tungsten and vanadium. Some
carbides dissolve during hot forming (e.g. FesC and Cr;Cs), whereas others are stable (MsC, M7Cs,
M,C, MC and M4C3) and become crushed, fragmented and shifted around. Undissolved carbides prevent
grain growth during hot forming and contribute to microstructure refinement [2].
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High-speed steels are air-hardenable but they may suffer quench cracks when cooled rapidly from
finish forging temperatures. Carbides provide good cutting performance and abrasion resistance.
Toughness and resistance to tempering are given by the condition of the matrix after forming and
subsequent quenching and tempering [3]. This paper explores the relationship between the amount
of deformation introduced into high-speed molybdenum steel HS 6-5-2, DIN 1.3343 (equivalent
CSN 419830 grade) by alternate hot upsetting and elongation out and the prior austenite grain size
and shapes. Chemical composition of the steel is shown in table 1.

Table 1. Chemical composition of HS 6-5-2 steel.
Wt. [%] C Mn Si P S Cr Mo w \%

0.80-0.90 max. max. max. max. 3.80-4.60 4.50-5.50 5.50-7.00 1.50-2.20
0.45 0.45 0.035 0.035

Alternate upsetting and elongation out is a sequence of forging operations which successively cause
the material to flow in all three orthogonal directions in each cycle, the directions of the flow being
opposite in consecutive cycles. As a result, these repetitive cycles ultimately bring the individual
locations within the workpiece more or less back to their initial locations. High-speed steels are
difficult-to-form materials with a narrow range of forging temperatures from 1150°C to 900°C [4,
5]. In this range, their flow stress may reach 350 MPa, the same as the ultimate strength of ordinary
steels at room temperature.

2. Experiments
The specimens were 1.3 kg slugs from rolled bars 50 mm in diameter and 75 mm in height in soft
annealed condition. Forging was performed in CKW 6000 programmable laboratory forging press of
1 MN capacity, which offers programmable forging speeds. The specimens were heated in a two-
chamber electrical resistance furnace. One chamber was kept at 700°C. The other chamber maintained
the upper forging temperature, 1150°C. The chamber at 700°C was used for pre-heating and reheating.
This material is relatively difficult to form and the temperature of specimens decreases during forging.
This places demands on the speed of processing and handling operations. During the forging process,
the forging time of a batch of eight specimens was monitored to ensure that it does not exceed
15 minutes. Hence, the time available for forging a single piece was no more than two minutes. Since
forging was performed manually, it is not possible to determine the exact process time. Between
individual operations, the specimens were placed in the furnace at 700°C. Before each forging operation,
the specimens were transferred to the furnace at 1150°C. After the specimens had been placed in the
furnace, the temperature inside the chamber decreased. Once the furnace had returned to the upper
forging temperature, the specimens were held for five minutes to ensure that they heat through before
forging. After all forging operations, the specimens were left to cool in the furnace to approx. 60°C for
several dozen hours to prevent quenching and to obtain material which is easy to cut and machine.
Metallographic sections through the specimens were prepared and photographed using Zeiss Vert. Al
optical microscope. The prior austenite grain boundaries were difficult to reveal due to the
complexity of the matrix in this high-speed steel. The matrix of perlite and ferrite was effectively
etched with Nital (100 ml C;HsOH + 3 ml HNOs). The complex matrix of martensite, bainite and
pearlite resulting from transformations after cooling in furnace was etched with a reagent specified
in CSN EN ISO 643 (42 0462) standard. This etchant consisted of a saturated aqueous solution of
picric acid and sodium alkyl sulfonate mixed at 5:1 ratio and heated to 60°C. Neither of the above
etching reagents revealed prior austenite grains in the rolled and annealed sample (as-received
condition). This obstacle was removed by oil quenching the sample from 1220°C and subsequent
etching with Nital. Magnifications for grain size measurement are prescribed by ISO 643:2012
standard. At least 50 particles must be measured. In each case, measurements were taken on five
micrographs. The same measurement was performed for determining the shape factor of grains. For
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analysis of carbides was also used PHILIPS 30XL ESEM scanning electron microscope, the BSE
mode, magnification 2000x. Carbides were revealed by etching with Vilella-Bain reagent (100 ml
C2HsOH + 5 ml HCI + 1 g CeH3N307). The amount of carbides in the matrix was evaluated using
image analysis software NIS — Elements AR v. 4.40. Carbide particle were also counted within
intervals of their equivalent diameter. These intervals were 0.1 um for particles smaller than 1 pm,
and 1 pm for those larger than 1 um. The ISO 16 232-7 standard deals with particle sizes which can
be analysed. Depending on current image calibration, it defines objects five-fold larger than the
image calibration factor as acceptable for analysis [6]. With images captured at 2000x magnification,
the image calibration factor was 0.04 pm/pixel. Therefore the smallest particles to be considered
were 200 nm in size [7] which is sufficient in the present case. 15 micrographs from each location
were used for the measurement. The aggregate area measured was 34800 pum?.

3. Results and discussion

3.1  Numerical modelling and boundary conditions
Effective strain fields in specimens subjected to two and three forging cycles were computed using FE
simulation DEFORM software [8] according to equation:

eef:\/TA[(&_32)2+(82_83)2+(83_81)2]y2 (1)

Where €1, € and €3 denote principal strains. The amount of effective strain in the input stock was
considered zero. The calculation therefore only covered the strain introduced by the forging cycle.
Materials data, i.e. flow stress curves, thermal conductivity, specific heat capacity and the friction
and heat transfer equations were adopted from the literature [9, 10]. Based on these simulations, three
pairs of forging dies were designed which were intended to prevent spreading of the forged specimen.
When the specimen spreading is restricted by the die walls, tensile stresses are reduced. These
stresses normally occur when the specimen buckles, and lead to cracking along the circumference of
the disc being upset [11]. Effective strain distribution on a central cross-section plane according to
numerical modelling of two and three cycles is shown in figure 1. The locations in which
microstructure was examined and which received the largest and smallest deformation were denoted
as P1 and P2, respectively. Location P2 is in a peripheral region of the specimen, with low strains
when compared to the specimen centre, despite repeated forging operations. Effective strains in P1
were g.r= 8.1 for two forging cycles and e.r= 9.9 for three cycles. In location P2, the values were ¢
= 1.6 for two forging cycles and &.r = 3.2 for three forging cycles, as illustrated in figure 1.

Strain - Effective (mm/mm}

a) b) 5.00
7.00
2 el P2
5.00
5.00

4.00

2 cycles 3 cycles 3.00
location P1 P2 location P1 P2 200
Eef 8.1 1.6 Eef 9.9 3.2 1.00

0.000

Figure 1. Effective strain distribution on a longitudinal cross section through the specimen centre, as
found by numerical simulations of a) two forging cycles and b) three forging cycles.
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3.2 Evaluation of prior austenite grains

The prior austenite grain size in HS 6-5-2 DIN 1.3343 steel (CSN EN 41 9830) was determined using
the linear intercept method according to CSN EN ISO 643 “Steels - Micrographic determination of
the apparent grain size”, which is based on the Snyder-Graff method [ 12]. The measurement involves
superposing line segments in three directions onto a micrograph. Grain size is indicated with letter
G and a number. Higher numbers after the letter G indicate that the grains are finer. For the sake of
comparison, measurements were also taken on as-received rolled and annealed specimens. The
results are listed in table 2. The microstructure grew finer with increasing amount of deformation.
However, refinement only became noticeable when the material undergoes effective strain higher
than approximately 3 (e.r> 3). In the centre of the heavily-forged specimen (e.r ~10), the grain size
was G11.

Table 2. Prior austenite grain size.

Specimen Initial Two Three Three
condition  forging cycles, forging cycles, forging cycles,
point P2 point P2 point P1
(peripheral (peripheral (centre)
region) region)
Effective - 1.6 3.2 9.9
strain gef
Grain size G9 G9 G9-10 G11
-CSN EN
419830
Grainsize 128+1.1 13.7+1.2 12.2+05 6.5+ 04
[um]

3.3 Evaluation of circularity of austenite grains

The other grain characteristic assessed in this work was the shape factor. It is a dimensionless quantity
which indicates the difference between the shape of an element and an ideal user-defined shape. In this
case, the ideal shape was a circle. The calculation followed the equation:

41mA
T @

Where L denotes the circumference of the particle under measurement and A is the area of the
particle. The interval of shape factor values is 0-1. The lower the shape factor is (circularity in this
case), the greater is the virtual distance of the particle’s shape from the ideal shape [13].

Results of measurement are plotted and relevant micrographs in as-received and forged conditions
are shown in figures 2 - 5. In as-received material, most grains exhibit circularity in the range of
0.65-0.75. Strong carbide banding [3] was present and had impact on the final shapes of grains after
annealing and quenching. The purpose of these heat treating operations was to reveal austenite grains
(figure 2). In the peripheral region of the specimen which was worked with two forging cycles, where
g = 1.6, most grains exhibited circularities of 0.7-0.75. Along with them, there were more grains
with circularities between 0.5 and 0.55; and the histogram broadened because significantly non-
circular grains had emerged. This trend grew stronger with increasing amounts of deformation. As a
result, in the peripheral region of the specimen after three forging cycles (where ecr = 3.2), the largest
percentage of grains showed a circularity of 0.55 to 0.7. The variance of grain circularity values also
became larger. The central region with strain level gr = 9.9 in the specimen which had been worked
with three forging cycles contained a large number of considerably non-circular grains. Each of the
five circularity classes between 0.4 and 0.7 comprised almost equal number of grains. At high strains,
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very non-circular grains formed in the microstructure. These were rarely found in the as-received
material.
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Figure 2. Circularity of prior austenite grains- as-received rolled condition, longitudinal cross-section.
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Figure 3. After 2 forging cycles, location P3 (periphery), e.r= 1.6.
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Figure 4. Circularity of prior austenite grains - 3 forging cycles, location P2 (periphery), e.s= 3.2.
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Figure 5. After three forging cycles, point P1 (centre), .= 9.9.
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3.4 The size and frequency of carbides

Figure 6 shows the distribution of carbides in the location with the smallest deformation, g.r= 1.6 (left)
and the location of the largest deformation e.r= 9.9 (right). They clearly show that in the specimen which
was subjected to two forging cycles, the peripheral region (e.r = 1.6) contain large clusters of carbides,
which are not present in the central region with high deformation of the specimen forged in three cycles
(8= 9.9).

SpotMagn Det WD p————{ 10gm
¢ 00x BSE 115 3358
-

Figure 6. Distribution of carbides in martensitic matrix (in selected specimens): left — two
forging cycles, region P2 (peripheral region of the specimen - g.r = 1.6); right - three forging cycles,
region P1 (specimen centre - g.r = 9.9).

Figure 7 shows a histogram of equivalent diameters of carbides in specimens forged in two cycles.
The location on the left is P2 (periphery of the specimen - g.r = 1.6), in which the fraction of the
carbide phase was found to be 15.2 + 4.5%. The location on the right is P1 (centre of the specimen -
g.r= 8.1), in which the fraction of the carbide phase was found to be 18.9 + 3.4%.
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Figure 7. Histograms of equivalent diameters of carbide particles for samples with 2 forging cycles.
Left: region P2 (periphery - &.r = 1.6); right: region P1 (centre - g.s= 8.1).

Figure 8 shows a histogram of the equivalent diameters of carbides in specimens forged in three
cycles. The location on the left is P2 (periphery of the specimen - &.s= 3.2), in which the fraction of
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the carbide phase was found to be 14.6 + 4.7 %. The location on the right is P1 (centre of the specimen
- g.¢=9.9), in which the fraction of the carbide phase was found to be 17.7 + 4.1 %.
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Figure 8. Histograms for samples with 3 forging cycles. Left: region P2 (periphery - e.r= 3.2); right:
region P1 (centre - g.s=9.9).

Carbides between 2 and 5 pm are only found in small amounts. In both cases, they are not likely to
have a substantial effect on material properties, owing to their low counts.

The amounts of carbides 1-2 um in size vary. In the highly deformed centres of specimens forged in
two and three cycles, their counts are nearly identical. After conversion, they are approx.
660/10000 um?. In the peripheral region of the specimen after three cycles, their density was a mere
400/10000 pm?. In the peripheral region of the specimen processed with two cycles, it was no more
than 345/10000 pm?.

The fractions and distributions of carbides smaller than 1 pm, i.e. sized 0.2 to 1 um, are very similar
in all the specimens forged. Their maximum is in the 0.4—0.8 um range, where their counts are at
900-1100 in the area under examination.

4. Conclusion
The goal of this experimental work was to assess the impact of forging on prior austenite grains and on
the volume fraction, sizes and distribution of carbides in relation to the effective strain field in high-
speed steel HS 6-5-2 (according to CSN 41 9830). The first location is the centre with the largest strain
ger = 8.1 (after two forging cycles) and eer = 9.9 (after three forging cycles). Another location, the least
worked one, was at the periphery of the specimen, with a strain of . = 1.6 after two forging cycles and
g.r= 3.2 after three cycles.
The grains were found to shrink with increasing strain: from G9 in the as-received rolled condition
to G11 in the heavily-forged specimen. The size of austenite grains influenced the size of grains of
other phases. Post-forging heat treatment produced complex, very fine and highly-stable
microstructures. Grain refinement led to higher grain boundary densities. The boundaries became
obstacles to dislocation movement, which was reflected in material strengthening, specifically higher
yield strength (Re). With increasing deformation, the numbers of strongly non-circular grains were
rising. In addition, the amount of lattice defects, including the spatial ones, one of which are grain
boundaries, increased with the amount of strain. Circularity of austenite grains was decreasing, which
means that the total area of grain boundaries expanded.
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It was found that larger carbides break up and become finer during upsetting of the rolled material.
However after breaking and refining as the forging process continues and strain accumulates, their
size remains unchanged, and only their positions change. They prevent austenite grain growth and
affect the complexity of the grain shape.

In addition, the area fraction of carbides in peripheral regions was lower than in the centre, due to
the smaller proportion of carbides sized 1-2 um. Forging temperatures under 1150 °C are known [3]
to cause dissolution of cementite, FesC, and Cr23Cs, as well as other carbides, some of which may be
complex. Variation in the quantities of carbides 1-2 pum in size appears to be related to their
precipitation which occurs as temperature decreases in the course of and after forging. The quantity
of these carbides increases with the amount of strain. The reason is that nucleation of the carbide
phase aims to reduce the energy of grain boundaries [14, 15]. The fine-grained austenitic grain with
low circularity is characterized by large bounders with high energy. Carbide precipitation is therefore
a favourable process in terms of energy.
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