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Abstract. Samples of AISI M2 steel  were produced by high-energy milling from chips of 
machining in Spex high energy mill, compaction and sintering of the powder obtained. The 
powder was analyzed by x-ray diffraction, and then compressed in discs of 8mm in diameter. 
The specimens have sintering at 1200ºC for 1 hour under vacuum atmosphere, followed by 
annealing, quenching and tempering for 1 hour at 315ºC and 540°C. Along with each disc, a 
sample of as-received steel was subjected to the same heat treatments to compare the final 
microstructure. After standard metallographic preparation, samples were etched with Beraha’s 
reagent,  characterized  by optical  microscopy,  quantitative metallography,  scanning electron 
microscopy with micro analysis and mapping by EDS, besides Vickers hardness. The steel 
produced by high-energy milling presented more refined carbide and better distribuition in the 
microstructure. There was also reduction in the size of prior austenitic grains.

Introduction

Researches of new processes that improve materials  properties have been made.  The 
High-Energy Milling, as called Mechanical Alloying, is one of these processes. It consists in 
submitting the material to a high energy and impact frequency inside of a boll mill, welding, 
fracturing, and rewelding repeatedly the powder particles. [1] 

High-speed tool steels properties are extremely dependent of distribution, size e quantity 
of  carbides  in  their  structure.  In  conventional  process  methods,  carbides  tend to  coalesce, 
generating a microstructure formed by large size carbides. Furthermore, as larger the grain size 
is as lower the metal hardness will be. [1-3]

The  high-energy  milling  associated  to  powder  metallurgy  and  followed  by  heating 
treatments seems to be a possible alternative to properties improvement in metallic materials 
process. It may happen as a result of a great carbides distribution in the microstructure and 
grain size reduction. Therefore, M2 steel processes waste can be reused, producing parts with 
superior properties. [1-4]

The present  paper  aim is  to  compare  the differences  of  microstructure  and physical 
properties between materials processed by the technique of high-energy milling fallowed by 
powder metallurgy and heat treatments and materials processed conventionally.
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AISI M2 tool steel chips were submitted to a High-Energy Milling process in a SPEX 
CertPrep Mill during 10 hours; using a milling power of 5:1 (the weight of the balls is five 
times greater than the weight of the material).

The ground sample (before the heat treatment) and the specimens already heat treated 
were submitted to an X-rays Diffraction test and the picks in the spectrum were analyzed using 
the JCPDF (International Centre for Diffraction Data) data base.

The AISI M2 powder, after had been pressed with a 2000 Kg load, received a annealing 
treatment. The temperature was controlled by a micro-processed controller and monitored by a 
thermocouple connected to a data logger Minipa, ET-2615.

The samples were encased in a quartz tube under a 10-2 atm vacuum with titanium chips 
to consume any residual oxygen from the interior of the tube. [5] 

The specimens were heated from room temperature to 800 ºC in a rate of 10ºC/min. From 
800 and 1000ºC in a rate of 5ºC/min and from 1000 and 1200ºC in a rate of 2.5ºC/min. At 
1,200ºC, the temperature was maintained for 60 seconds, occurring the sintering/austenitizing. 
In order to ensure the full annealing, the samples were chilled inside the furnace in a rate of 
3.3ºC/min between 1200ºC and 900ºC and 2.8ºC/min between 900ºC e 400ºC. Bellow 400ºC, 
the samples were cooled down inside the furnace but without any temperature control. [6]

The samples were then attacked by a Beraha reagent to tool steels (a 1% HCl in water 
and 1g of K2S2O5) and watched in an optical microscope with a digital camera, capturing the 
images.  The Scanning Electron  Microscopy (SEM) and Energy Dispersive  X-ray Detector 
(EDX) were also performed.

Vickers Hardness was realized in a Microdurometer Shimadzu HMV-2. Carbides volume 
fraction  was  calculated  also  for  all  the  samples,  using  the  standard  ASTM  E  562-02 
(Determining volume fraction by systematic manual point count). Moreover, porosity was also 
calculated using the same standard.

Results and Discussion

By the images obtained through optical microscopy and scanning electron microscopy it was 
possible to analyze the resulting microstructures after the different processes (milling followed 
by powder metallurgy and annealing or just annealing).
To compare the effect of these different ways of processing is important to check the M2 tool 
steel sample’s microstructure. The Figure 1 shows the microstructure of the bulk sample as 
received from Villares Metals.

FIGURE 1 – Microstructure of the bulk sample as received from Villares metals
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As shown in the Figure 1, the microstructure from the bulk sample of the AISI M2 tool 
steel is composed by a ferritic die (brown regions) with rough carbides with a large range of 
sizes (white regions). The dark regions are characterized as a ferrite aggregate with spherical 
carbides. This microstructure shows the trend to coalesce. In addiction, the ferrite die gives low 
hardness values to the sample. The medium hardness value measured for this sample was 302 
Vicker (29.8 Rockwell C – HRC).      

The annealing heat treatment cycle applied for these samples is shown in the graphic of 
the Figure 2.

FIGURE 2 –  Annealing Heat Treatment

After the annealing heat treating,  as shown in the Figure 2, the conventional process 
sample of AISI M2 tool steel (just annealed) (Figure 3 a) presented a microstructure composed 
by  carbides  with  different  shapes  and  sizes  (white  regions).  These  carbides  appear  to  be 
distributed in a heterogenic way in the ferritic die (colored region). It can be observed too the 
presence  of  coalesced  ferrite  plus  carbides  called  “agglomerate”  (dark  region).  These 
“agglomerate” occurs due to the AISI M2 tool steel composition that is a high alloyed tool 
steel. It difficults the diffusion what impedes the classic lamellar formation between ferrite and 
cementite, known as perlite. 

In  another  hand,  the sample  submitted to  the milling process  fallowed by annealing 
treatment (Figure 3 b) is composed by carbides presenting two different morphologies. The 
first and most evident one has a lath shape. The second one presents very small and refined 
particles shape that are dispersed over the die (as shown in the Figure 4). As shown in the bulk 
sample (Figure 1), The sample submitted to the milling process followed by annealing shows a 
ferrtic die with spherical carbides in some regions. Figure 3 presents a comparative analysis 
between the samples submitted to the different process.

 Through  the  scanning  electron  microscopy,  it  can  be  noticed  that  for  the  milled, 
sinterized and annealed sample, as shown in the Figure 4, the laths are presented raised on the 
image, fact that allows inferring that during the polishing, the die wore more than the laths. 
Then, it can be supposed that the lath’s hardness is higher than the ferritc die what drives to the 
supposition that the laths are probably carbides. It can be observed too finely dispersed carbides 
that are presented raised as well due its high hardness. 
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FIGURE 3 –   (a) Annealed Sample; (b) Milling submitted sample

FIGURE  4 –  SEM from the  annealed,  sinterized  and  milled sample.  The  raised laths  indicate  high 
hardness.

The milling, by the rough carbides fracture and due the kinetic conditions provided by 
the slow and controlled cooling during the annealing treatment (Figure 2), possibly allowed the 
formation of the lath microstructure shown in the milled, sinterized and annealed sample. More 
studies  about  this  kind  of  microstructure  in  a  tool  steel  should  be  achieved  due  to  the 
unexpected effect in occurred in the microstructure. 

It is expected that the lack of orientation of the lath shape carbides and the morphology 
effects provide to the sample isotropic properties what elevate the material’s hardness when 
compared to the just annealed sample. The hardness values to these samples are presented: 264 
Vickers (24,4 HRC) to the Just annealed sample and 450 Vickers (45,3 HRC) to the sample 
submitted to the milling process fallowed by annealing treatment.

In another hand, the lath morphology has some points of tension concentration what may 
cause  a  reduction  in  the  abrasion  resistance  and  in  the  impact  resistance,  which  have  a 
relationship with the main steel applications’. A spherical microstructure would be preferred in 
this case because of the less concentration of tension [2,7].

According to SURYANARAYANA, in the milling process, the successive fractures that the 
particles are submitted reduce its size. These particles will originate smaller steel grains during 
the sinterization. 

Hardness Values Analysis

Depending on the die hardness, on the distribution and on the carbide size, the tool steel’s 
machinability will be harder the roughest the carbide distribution be. Due to the homogeny 
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carbide distribution, the milling process submitted steels present better machinability than other 
types of AISI M2.

The just  annealed  sample,  due  to  its  ferritic  microstructure  with  rough  carbides  has 
presented a low hardness value of  264 Vickers (24,4HRC). In another hand, the milled then 
annealed  sample has presented a  hardness increase  due to  its  microstructure composed by 
finely  dispersed  carbides  plus  lath  shape  carbides  within  a  ferritic  die.  This  sample  has 
presented a hardness value of 450 Vickers (45,3HRC), twice superior to the Just  annealed 
sample hardness’ value.

        According to the literature, milled sample sinterized in the right temperatures 
should present superior properties than a powder metallurgy conventionally processed sample 
[1,7,10].

Chemical Characterization Analysis

It  has been analyzed the bulk powder difratogram. The Figure  5 presents the results 
obtained. 

FIGURE 5 – bulk powder X-ray difratometry

According to the JCPDF database, ferrite is the predominant phase in the bulk powder. 
This effect is probably due the particle refine during the milling process. 

From the difratometry analysis can be noticed that the both annealed sample have shown 
ferrite peak. The secondary peaks analysis has presented M6C and M2C carbides. M6C carbides 
are  commonly  found in  some high  speed tool  steels  and  are  dissolved  slowly  during  the 
austenitization. M2C carbides are typical of the precipitation and they provide the secondary 
hardness effect to the steel.

The both annealead samples’ difratogram are presented in the Figure 6.

(a)
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 (b)

FIGURE 6 –  X-ray difratometry; (a) Just annealed; (b) milled and sinterized

In this case, the milling process has taken to the precipitation of the carbides responsible 
for the secondary hardness peak (M2C) during the annealing treatment what can explain the 
high hardness values obtained in the milled, sinterized then annealed sample.

Conclusions

The milling process followed by powder metallurgy and heat treatments has shown to be 
efficient in the medium diameter of grains and carbides reduction for the AISI M2 tool steel. 
Besides,  the carbides  has  presented uniformly distributed in  the microstructure,  which  are 
fundamental conditions to the expected improvement in properties due to the milling process. 
After the annealing treatment, the powder metallurgy submitted sample have presented in its 
microstructure  an  unexpected  carbide  morphology,  with  lath  shape  and  small  spheres 
distributed for all over the material in an uniformly way and without a preferential orientation, 
what has elevated the hardness levels.
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